The Chemistry of arene-olefin complexes of zerovalent ruthenium by McMahon, Ian Joseph
THE CHEMISTRY OF ARENE-OLEFIN COMPLEXES 
OF ZEROVALENT RUTHENIUM 
by 
Ian Joseph McMahon 
A thesis submitted in partial fulfilment 
of the requirements for the degree of 
Doctor of Philosophy 
at 
The Australian National University 
Research School of Chemistry 
The Australian National University 
·Canberra. 
.. 
June 1981 
-Addendum to section 2 .11 
I The low temperature spectra of the conjugated diene complexes 
[RuH(C6H6) (1,3-cyclohexadiene ) ]PF6 (l31a), [RuH(arene ) (2 , 3-dimethyl-
butadi e ne) ] PF6 (118a-c), [RuH (C6Me6) (5-ethylcyclohexa-l , 3-diene) ] PF6 
(133) and [RuH(C6Me6) (1 , 3 , 5-trime thylcyclohexa-l , 3-diene)]PF6 (138) 
have been interpreted in terms of a static diene-hydride structure . 
These spectra are , however , also consistent with bridging-hydride 
species which undergo, even around -95°C , a rapid C-H bond breaking 
process as in eq . Al . 
HJI\ 
H H- Ru+ 
eq . Al 
For the symmetrical diene complexes this process will introduce 
a mirror plane consistent with the observed spectra . 
This explanation has the advantage of explaining some features 
of the spectra not easily explained by assuming the static diene-
hydride structure : 
(a) The collapse of the resonance due to CI , C4 in the 13C 
NMR spectra of 118a-c at -90°C . This is not expected for 
the static diene-hydride structure and could be the beginning 
of the freezing out of an asymmetric structure . 
(b) The large difference in chemical shifts of CI and C4 in 
the 13 C NMR spectrum of 133 at -95°C , as noted in section 
2.5 , suggests that there may be some interaction between 
---
the hydride proton and the diene ligand. 
(c) The observation of a doublet of doublets for the resonance 
at 846 . 8 (which for a diene-hydride structure would be 
assigned to the outer diene carbon atoms CI and C4) in the 
proton-coupled 13C NMR spectrum of 131a at -95°C is 
- 2 -
consistent with a fluxional bridging-hydride structure . 
It should be noted, however , that while the fluxional bridging-
hydride structures are consistent with the observed spectra , there is 
no conclusive evidence to enable the precise structure to be determined . 
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ABSTRACT 
The zerovalent ruthenium complexes Ru(n 6-arene) 
(n4-di~ne ) (diene = acyclic diene , cyclohexa-l,3-diene, 
substituted cyclohexa-l,3-diene) are readily protonated 
by HPF 6 to give the yellow salts [RuH(n 6-arene) (diene)] 
PF 6 . Variable temperature NMR shows that, in solution, 
these complexes are fluxional undergoing rapid exchange 
of the hydride proton between the metal and the ligand. 
Addition of a ligand (L) such as CO,~-BuNC or P(OMe) 3 
gives static n 3-allyl complexes , [Ru(n 6-arene) (n 3-alkenyl)L]PF 6 . 
Protonation of Ru(n 6-arene) (n 4-norbornadiene) gives the 
hydrido-diene complexes [RuH(n 6-arene) (n 4-norbornadiene)]PF 6 
which, in solution, undergo an irreversible transfer of 
the hydride proton from ruthenium to the diene. In contrast, 
protonation of the dicyclopentadiene complex RU(n 6-C6Me6) (n4_ 
CloH1 2 ) gives a complex, [RU(n 6-C6Me 6 )(CIOH1 3)]PF 6 , in which 
the hydride proton bridges between the ruthenium and a 
carbon atom of the ligand . The bis( ethylene) complex 
RU( n 6-C 6Me 6 ) (n 2-C 2H4) 2 reacts with HPF 6 to give the unstabl~ 
fluxional complex [RuH (n 6 -C 6Me 6) (C 2H4) z1FF 6 . The hydride 
proton of this complex migrates rapidly (on the NMR time-
scale) between the ruthenium and the ethylene ligands 
resulting in the equilibration of the eight ethylene protons 
and the hydride proton. 
Addition of base (t-BuOK) to [Ru(ON0 2 ) (n6-C 6MedL2]N03 
(L = P (OM e ) 3 , P(OCH 2 ) 3CMe , PMe 2Ph) in the presence of excess 
phosphite or phosphine results in deprotonation of two of 
the arene methyl groups to give the 1,2 , 3 , 4-tetramethyl - 5 ,6-
Abstract (cont ' d) 
bis(methylene)cyclohexa-l,3-diene complexes RuL 3 ( n ~-
C6Me 4 (C H2 ) 2) in which the exocyclic double bonds are 
coordinated to the ruthenium. Protonation (HPF 6) of 
Ru(n~-C 6 Me 2 (CH 2) 2) (PMe 2Ph) (dppe) , which is obtained 
from the reaction of [Ru(ON0 2) (n 6- C 6Me d (dppe)]N0 3 with 
base and PMe 2Ph, gives the monoprotonated, fluxional n 3 -benzyl 
1. 
CHAPTER ONE 
INTRODUCTION 
The ability of transition-metal cyclopentadienyl 
complexes to undergo protonation at the metal atom on 
treatment with acids was first reported in 1955 when 
1 Wilkinson and coworkers observed the formation of 
[ReH 2 (n s -C sHs ) 2 ]+ on addition of sulphuric acid to 
ReH(n S-C sHs ) 2 . Subsequently many transition metal complexes 
containing cyclopentadienyl, arene, carbonyl and phosphine 
l ' d h b f d d ' ' 1 b h ' 2-6 19an save een oun to un ergo Slml ar e aVlour. 
In contrast, many transition metal complexes containing 
olefin ligands undergo protonation at the ligand either 
7 directly or via the metal atom. The products obtained 
are very dependent on the metal , the acid used and the 
olefin . Often the mechanism of protonation and the nature 
of the products obtained have been unclear. 8 
This introduction briefly surveys the protonation 
reactions of transition metal n-olefin complexes to 
illustrate their scope and then discusses in more detail 
the protonation of n 4 -diene complexes, which is especially 
relevant to the substance of this thesis . 
2. 
1 . 1 Protonation of Transition - Metal Olefin Complexes 
(a ) Mono-Olefin Complexes 
Protonation of simple mono-o l e fin complexes usually 
results in decomposition e.g. Fe (n 2-olefin) (CO)4 complexes 
are readily decomposed by HCl or HBr to the alkane and 
Fe+ 2 . 9 , 1 0 An unstable rhodium (III)ethyl complex, believed 
to be RhCl(n s -C s Hs ) (n 2-C 2Hd (C2HS) , is obtained on reaction 
of HCl with Rh( n s-C s Hs) (n 2-C 2H4)2. ll The ethyl complex is 
o 
stable only at temperatures below -10 C. Stable alkyl 
complexes can be obtained if the olefin is contained in a 
chelating ligand e.g. (2-vinylphenyl)diphenylphosphine , 
PPh 2 (~-CH 2 =CHC 6 H 4 ) (= sp) . Thus , protonation of M(CO) 3 (sp) 
(M = Fe,Ru) (~) with HCl gives the a -bonded complexes 2 . 12 
~. 
CH ~Ph2 
'I-M-(O 
CH 2 c6 'C 0 
1 
Hel 
~
o 
PPh 2 
He, I/Cl 
H3C~C/~'CO 
CO 
2 
The protonation of mono-olefin complexes with acids 
containing non-coordinating anions e . g . HPF 6 , HBF4 can give 
13 , 14 . hydrido-olefin complexes . For example, the very baS1C 
ethylene complexes M( n6 -C 6H6 ) (n 2- C2H4)L (M = Ru , L = PMe3; 
M = Os , L = PPh 3) react with NH4PF 6 to give the hydride 
3 
3. 
[ ( 6 ) ( 2 ) 13 14 . complexes MH n -C6H 6 n -C 2 H4 L] PF 6 . ' The reactlon 
insertion of the olefin into the Os-H bond to give the 
ethyl complex [Osl (n 6- C6H6 ) (C 2HS) (PPh 3 )] .14 
The hydride complex [MOH(n 2-C 2H4) 2 (dppe) 2]+(i) lS 
obtained by protonation of MO(n 2 -C 2H4) 2 (dppe)2 (1) with 
trifluoroacetic acid at SoC . The product , ! , is fluxional 
on the NMR time scale , undergoing a rapid exchange of the 
hydride proton between the metal and the olefin (eq . 1.1) .15 
4 
(b) n 4-Oiene Complexes 
The protonation of n 4-diene complexes of iron( O) , 
rhodium ( I) and iridium( l) has been extensively investigated. 
Protonation with acids containing coordinating anions e.g. 
HCl usually gives n 3 -allyl complexes 7 while protonation with 
acids containing n on-coordinating anions e.g. HPF 6 often 
gives f luxional spec ies , the exact nature of whic h ha s been 
4. 
7 8 the subject of considerable controversy. ' The protonation 
of n4 -diene complexes is discussed in detail in section 1.2. 
(c) Cyclopentadienyl and Arene Complexes 
Many cyclopentadienyl and arene complexes of low-
valent transition metals are protonated by strong acids 
3 16 
to give metal hydride complexes.' Solutions of ferrocene 
and ruthenocene in BF~H 2 0 show high field resonances in 
their lH NMR spectra which are attributable to the species 
[M H ( n 5 -C 5 H 5 ) 2 ] + (M = Fe, R u) (5) . 1 7 , 18 
5 
In weaker acids ferrocene undergoes an acid catalysed 
17 19 20 . HID exc hange of the cyclopentadienyl protons ' , whlch 
is thoug ht to occur via reversible protonation of one of 
the cyclopentadienyl rings. Protonation at the metal atom 
. . d . 20 is not involved in this process and In fact hln ers It. 
Alkyl substituted ferroce nes also undergo protonation at 
the metal atom in BF 3B 20. The electron-donating alkyl 
groups are thoug ht to increase the basicity of the iron 
t 
18,21 
a om . 
5 . 
In contrast to ferrocene , nickelocene reacts with 
'fl t ' 'd ' [ '( s)( + 22 trl uoroace lC aCl to glve Nl 11 -CsHs 1-4-11-CsHd] (~). 
Deuteration studies showed that the incoming proton occupies 
the e x o methylene position i . e. it attacks the cyclopentad-
, 1 I' d d' 1 d ' , 22 leny 19an lrect y an not Vla the nlckel atom. 
Ni Cp 
2 
~ ~ Ni+ I Cp 
6 
Other cyclopentadienyl complexes which give metal 
hydride species when dissolved in strong acids include 
s 1 - 23 s ReH(l1 -C sHs ) 2 , Re( l1~ -C s H s ) (CO) 2 (PPh3) and Mn(l1 - CsHs) 
24 The phosphite complexes M( n s-CsHs) (P(OMe) 3) 2 
(M = Co,Rh) react with strong acid (HBF4) to give 
[MH( l1s -C sHs ) (P (OMe) 3) 2 ] BF 4. 25 
The complexes Cr(COh (arene) (arene = benzene, 
mesitylene, toluene, ~-fluorotolu2ne and E-fluorotoluene) 
give hydride species ln BF~H 2 0 solution but not in 
t 'fl ,,4 rl uoroacetlc aCld. The basicity of the chromium atom 
in these compl xes depends on the substituents in the arene 
ring . Electron-donating substituents (e . g. alkyl groups) 
increase the basicity of the chromium atom whereas electron-
6 . 
withdrawing groups (e.g. eOOMe) decrease it. 4 ,26 Replace-
ment of one of the CO ligands by a phosphine ligand 
, 1 b " 6,26 lncreases meta aSlclty . Thus Cr(CO)2 (PPh 3 ) (arene) 
complexes, In contrast to Cr(CO) 3 (arene) , are readily 
d b ' fl "d 26 protonate y trl uoroacetlc aCl . This effect can be 
attributed to the fact that the phosphine ligand is a 
bette r a -donor and a poorer TI -acceptor ligand than CO, so 
h 1 d ' h 1" 6 t at e ectron enslty on t e meta lS lncreased. 
(d) Hexatriene , Cycloheptatriene and CY9100ctatriene 
Complexes 
In n4-triene complexes, the free double bond may 
serve as an alternative site for protonation. The complex, 
Fe(eO) 3 (n 4-hexa-l,3,5-triene) ( 7) , reacts with HBF4 to give 
the hexadien y l cation 8 . 27 
JTLI HBF4 !?f\L > Fe +F I Ie 
(CO)3 (CO)3 
7 8 
The cycloheptatriene complex, Fe(CO) 3 ( n 4-cyclo-
heptatriene) (~) can be protonated with a variety of acids 
, '10 28,29 P t t' to give the cycloheptadlenyl catlon __ . ro ona lon 
of 9 was originally thought to occur from the same side of 
29 the ring as the metal (endo attack) but later work 
7 . 
30, 31 
showed t hat t h e attack occurs ero . 
0 'H+ 0 
Fe > + Fe 
I I 
(CO)3 ((0)3 
9 10 
The n~-cyclooctatriene complex , Fe (CO ) 3 ( l-4-n-cyclo-
octatriene ) ( 11 ) is readily protonated to give the cyclo-
octadienyl complex 12. 32 , 33 
11 12 
Solutions of Rh ( ns-CsHs ) (l, 2:5 , 6-n-cycloocta-l , 3 , 5-triene ) 
(!l) in trifluoroac e tic acid give initia l ly the o , n-cation 14 
which und rgo s ismn rization to a mixture of the cyclo-
octadi nyl c tion 1 5 and t h e a ll y l -ol efin cation ~.3 3 
(Sch me 1.1 ) Th e ana]ogous iridium complex , Ir(n 5 - CsHs ) 0,2:5 , 6-
T]-cycl oc a- l , 3 , 5-trj n ), in trifluorocJc lic acid solution 
8 . 
o 
at -80 C gives a mixture of the hydrido cations [IrH(n s -
CsHs) (1-4 - n-cyclooctatriene)]+ and [IrH(n s -CsH~(1,2:5,6-n­
cyclooctatriene )]+. Warming of the solution to room 
temperature causes the isomerization of the hydride 
complexes to a mixture of iridium complexes analogous to 
the rhodium complexes 14 and 15. 33 
" : 
Q) 0 
Rh TFA> Rh+ 
o 
~ Rh+ 
I I Cp Cp I Cp 
13 14 15 
+Rh 
, 
Cp 
16 
Scheme 1.1 Protonation of Rh(ns -C sHs) ll, 2 :5,6-n-cycloocta-
1 , 3 , 5-triene ) . 
(e ) Cyclooctatetraene Complexes 
Cyclooctatetraene (COT) complexes of transition 
metals in low oxidation states can often be protonated by 
"d 34 strong aCl s. The protonation of Fe(CO) 3 (1-4-n-COT) (!2) 
with HS0 3F at -120oC gives the l-5-n-cyclooctatrienyl 
compl x 18 which undergoes ring closure above -60oC to 
9. 
give the stable 2-~ n-bicyclo[5.l . 0]octadienyl cation 19 . 35 - 38 
Use of 0 230 4 results in the incorporation of deuterium into 
the exo methylene position of ~ indicating that protonation 
has occurred exo to the metal. 37 - 39 A study of methylcyclo-
octatetraene complexes has shown that protonation occurs 
at an internal position of the uncoordinated diene moiety.37,39 
0 0 ~ P HS03F hea t +Fe + Fe > ~e > I 
-120 · . I (CO) 3 (CO)3 (CO)3 
17 18 19 
In HBF4/Ac20 , Ru(CO) 3 (l - 4- n-COT) is reported to give 
initially t he 2-6-n-bicyclo[5.1.0]octadienyl cation ~ which, 
in contrast to the iron system , isomerizes to give a stable 
cation formulated either as a 1- 4:7-n-cyclooctatrienyl 
. 1 . 23 40 cation 22 or as a 1-3 :6 , 7- n-cyclooctatrleny catlon __ . 
H+ 
+Ru ~ 0 Ru > +Ru or I I (CO) I ((0)3 (C01 3 3 
20 21 22 23 
10 . 
Protonation of Ru (arene) (1-4 - n - COT) (24) (arene = 
cyclooctatrienyl cations ~ which isomerize in organic 
solvents to the 1-3:6 , 7-n-cyclooctatr ienyl cations ~. 41 
When ~ is deuterated using CF 3COOD , deuterium incorporation 
occurs in an e x o -methylene position indicating that, as in 
( ) () . h 1 41 Fe CO 3 COT , protonatlon occurs exo to t e meta . 
Ru + 
I 
arene 
24 25 26 
The complexes , M (CO) 3 (1-4-n-COT) (M = Fe , Ru) (27) , 
42 
react with HCl to give 3-5- n-cyclooctatrienyl complexes . ~. 
HCI 0" ~ # 
~ > 
((0)3 
27 28 
Protonation of Rh (n s-C sMes) (1 - 4-n - COT) 29 with 
trifluoroacetic acid at -50 oC gives a mixture of the 
bicyclic species 30 and the 1-3: 6 ,7 - n-cyclooctatrienyl 
11. 
. 31 ' \ . f 3 2 43 catlon ln a ratlO 0 :. When the isomeric 1,2:5 , 6- n-
cyclooctatetraene complexes M( ns -C sHs ) (l,2:5 , 6-n-COT) (M = Co, 
Rh) (~) are protonated with trifluoroacetic acid, 2- 6- n-
bicyclo[5.1.0]octadienyl cations II are formed initia~ly; 
these isome riz e to the 1- 3:6,7- n-cyclooctatrienyl complexes 
34 .
44 
Experiments with CF 3COOD show that, in contrast to 
the 1- 4- n -COT complexes, protonation occurs e ndo to the 
metal . Support for this propo sal also comes from the 
forma t i o n of the hydrido-di e ne cation [IrH( ns -C sHs ) (COT)]+ 
(l2) by the protonati on of Ir( ns -C sHs ) (l , 2:5 ,6- n-COT) at -50° . 
. The cation, 35, which contains either the 1-4-n -COT or the 
1,2:5,6-n-COT ligand, isome rizes to a mixture of 33 (M = Ir) 
a nd 34 (M = I r) .44 
29 
o 
M 
LQ\ 
32 
+ H 
> 
30 31 
33 34 
12. 
+ Ir H 
/Q) 
35 35 ' 
1.2 Protonation of ~4 -Diene Complexes 
The protonation of Fe(CO)3 (1-4-n-diene) complexes 
has been studied extensively . Fe(CO)3 (~4-butadiene) (36) 
reacts with HCl to give an ~3-allyl complex FeCl(CO) 3 (~3_ 
45 C4H7) . This complex was originally assigned the anti 
methylallyl structure 12 on the basis that the cis stereo-
chemistry of the coordinated butadiene was maintained on 
t . 45 b . pro onat1on ut 1tS IH NMR spectrum indicates the syn 
methylallyl structure 38 to be more likely.46,47 The 
distinction between syn - and anti - protons in n 3 -allyl 
complexes may be made on the basis of the magnitude of the 
coupling constant, Jab' between the meso-proton (Hb ) and 
either of the terminal protons (Ha ) of the allylic ligand. 
In general , when Ha is syn a value of 7Hz is expected and 
h . . 1 f 12 . b . d 48 w en Ha 1S ant ~ a va ue 0 Hz 1S 0 ta1ne . 
36 
Her 
> 
13. 
or 
37 
Hb ~ 
~eC I 
((0)3 
38 
consistent with the assignment of the syn structure to 
FeCl(n 3-C4H7) (CO) 3 is the observation that tricarbonyl 
( t r a ns-penta-l ,3-diene)iron(39) affords the syn , syn -l,3-
dimethylallyl complex 40 on protonation with HC1. 46 
~ F,e (CO) 
3 
39 
~ HC~ FeCI 
I 
cCO)3 
40 
More rec ntly it has been proposed that protonation 
of tricarbonylbutadieneiron(O) (~) with HCl proceeds by 
initial formation of the a n ti methylallyl complex II followed 
by isomerization to the more stable syn isomer ~.48 Evidence 
for this has been obtained from the lH NMR spectrum of a 
14. 
solution, obtained by protonation of ~, at low temperature, 
with HC1, which shows the presence of the anti methylallyl 
. 37 49 1. somer . In agreement with this observation, reaction 
of Fe(CO) 3 (3-methyl-l-phenylbutadiene) (41) with DCl gives 
the n3-allyl complex 42 in which the deuterium has been 
incorporated into the anti methyl group. 50 
Ji\ Ph~ (H 0 Ph DC I 2 Fe > ~e( I 
I ((OJ 3 (CO)3 
41 42 
Unlike the butadiene complex ~ the cyclohexadiene 
complex Fe(CO) 3 (1- 4- n-C6Ha ) does not react with HC1 . 46 
The protonation reactions of Fe(CO) 3 (n 4 -diene) 
complexes with acids containing weakly coordinating anions 
are more complex. The reaction of Fe(CO) 3 ( n 4 -butadiene) 
( ) 
• • • 7 51 ~ wl.th HBF4 was origl.nally reported by Pettl.t et av 
to give the sixteen-electron anti-methylallyl complex il 
(Scheme 1.2). Subsequent work by Gibson et aZ 52 suggested 
that the sixtee n-electron allyl species il was formed when 
36 was dissolved in trifluoroacetic acid but that addition 
of excess HBF4 in acetic anhydride gave the tetracarbonyl 
15. 
anti methylallyl complex i! (Scheme 1.2) as a tetrafluoro-
borate salt. The tetracarbonyl complex is apparently 
formed intermolecul'arly from the coordinately unsaturated 
n3 -allyl tricarbonyl cation il by the capture of carbon 
monoxid e from another molecule of 43. The yield of the 
tetracarbonylcomplex i! is increased by performing the 
52 reaction in a carbon monoxide atmosphere. 
"" 
H SF , 
l!f\ 
F;e 4> +Fe 
I (CO)3 AC 20 (CO)3 
25° 36 43 
~ TFA 
fT\ 11\\ + 
+Fe HBF4 ' Fie 
I > (CO) (CO)3 AC 20 4 
44 
Scheme 1.2. Protonation of Fe(CO) 3 (n 4 -butadiene) at 
room temperature . 
Kaesz e t aZ 49 examined the protonation of a number 
of Fe(CO) 3 ( n 4 -die ne ) complexes with a variety of acids 
equival nt of HS0 3 F to a solution of the butadiene complex, 
~, in liquid sulphur dioxide gives a species which was 
16. 
formulated as the sixteen-electron n 3-allyl cation 43 . 
Addition of an excess of HS03F gives a second product 
formulated as the di-protonated n 3-allyl cation 45 . 49 
1 equi v. fT\ + H 
> +~e 
- 78° CeO)3 
36 43 
exc.ess 
> 
ac i d 
Yf\ 
H Fe+ 2 I 
CCO) 
3 
45 
(Kaesz e t al , J. Am. Chern . Soc. L969, 91, 6968) 
kh d . 53 d h h 3 11 1 Broo art an HarrlS suggeste t at ten -a y 
cation 45 was not in fact diprotonated and should be reform-
ulated as the monoprotonated O , TI cation~. (Scheme 1.3) 
In view of this proposal, Whitesides and Arhart 54 reexamined 
the conclusions of Kaesz e t a l 49 and confirmed that the 
product is a mono-protonated cation. They supported the 
view that it was the O -TI species~. They also showed that 
the species formed by addition of one equivalent of tri-
fluoroacetic acid to Fe{CO) 3 ( n 4 -butadiene) (36) was not the 
sixteen-electron n3-allyl species il but rather the neutral 
eighteen-electron trifluoroacetate complex 47. (Scheme 1.3) 
J 2 
'1\ Jr\ 4/tf)~ 1equ\v . excess +FeH FIe ~ F.eCOOC F3) > I a 
CeO)3 (CO)3 a c. i d (CO) 3 TFA 
- 78° 
47 46 
Scheme 1.3. Protonation of Fe{CO ) 3 (n 4 -butadiene) at -78oC. 
17. 
The presence of an unusually high carbon-proton 
coupling constant between Cl and Ha (see structure 46) of 
78Hz, in the 13 C NMR spectrum of 46 (Scheme 1.3), led 
h d h · . d 8 h 46 Brook art an W ltesl es to suggest t at __ may be better 
f ormulated as the bridging-hydride species ~ in which one 
methyl hydrogen atom (Ha) is partially bound to both Cl and 
Fe in a two-electron three-centre bond. 
48 
Support for this suggestion was obtained from work 
on the analogous Fe(P(OMe) 3 ) 3 ( nq -diene) complexes. These 
complexes are protonated by HBFq to give alkenyl complexes 
55 
assigned bridging-hydr ide structures analogous to ~. 
A neutron diffraction study of the cyclooctenyl complex, 
+ [Fe (P (OMe) 3 ) 3 (C 8 HI 3 ) ] ( ~Q) confirmed the presence of the 
bridging-hydride ligand. 56 The complex, ~, has approximately 
octahedral geometry with the e ndo hydrogen atom on Cl 
occupying the vacant coordination site. 56 ,57 An Fe-H bond 
length of 1.874 A and a C-H bond length of 1 . 164 A were 
o bserved compared with usual Fe-H and C-H bond lengths of 
) r . 56 58 
a bout 1.51 A and 1.10 A respectlvely. ' 
Q 
Fe 
I (p (OMe) ) 
3 3 
49 
18. 
~ y:- He Hf H \ Hb g Ha 
+ Fe/ 
( P (OMe)3) 
51 
~)H 
I (P(OMe) ) 
3 3 
50 
Both the tri(carbonyl) and tri s (phosphite) butenyl 
complexes 48 and 51 are fluxional , with the methyl hydrogen 
t H H d d ' ' l'b ' 49 ,5 5 d a oms a , b an Hc un ergolng equl 1 ratlon . A secon 
slower exchange is detected when Fe(CO) 3 (n 4 -butadiene) ( 36) 
or Fe(P (OM e ) 3) 3 (n 4 -butadiene) is dissolved in DS03F at 
_40oC. 49 , 55 It results in the scrambling of an inc orporated 
deuterium atom over all five positions on the terminal 
carbon atoms, Ha,b, c , f ,g . 
The lH NMR spectr um of Fe(CO ) 3 (1 ;3 - cyc lohexad i ene ) 
(52) in trifluoroacetic acid is analogous to that in benzene . 
That r e versible protonation does occur however is shown 
by the incorporation of two deuterium atoms into the endo 
met hylene positions of the cyclohexadiene whe n ~ i s 
dissolved in CF 3COOD . 50 
o 
Fe 
I 
(CO)3 
52 
19. 
1 
d - TFA 
.. 
53 
Treatment of 52 with an excess of FS03H/S02 generates 
8 
a protonated species which was originally formulated as the 
G, n allyl cation ~ but which is probably better regarded 
as the bridging-hydride cation 55 (L = CO) 8 55 (Scheme 1. 4). ' 
An analogous species ~ (L = P(OMe) 3 ) is obtained when 
Fe(P(OMe) 3) 3 (1- 4-n -cyclohexadiene) is protonated with HBF~.55 
Both complexes are fluxional , undergoing rapid equilibration 
(on the NMR time scale) of the endo -methylene protons on 
the carbon atoms adjacent to the allyl group, (Hl,H s ). (Scheme 
1.4)8 , 55 
54 
20. 
0 Hexo H H+ H ~ --..:::.... ~ 
Fe L 3 +FeL 3 
54 55 1~ 
Scheme 1 . 4 Protonation of FeL3 (1-4-n-cyclohexadiene) 
Support for the bridging - hydride structure ~ 
(L = CO) comes from the value of the coupling constant 
(IJC\Hl) between Cl and the bridging hydrogen atom (HI) . 
For ~ (L = CO) , this value is between 78 and 88Hz 8 which 
is much larger than would normally be expected for the 
coupling between Cl and a hydride proton. It is also 
smaller than a conventional one-bond carbon-proton coupling 
constant. The analogous cycloheptenyl complex 
[Fe (P (OMe) 3) 3 (C7Hl \ )] BPh 4 (56) 55 has a IJ value of 80Hz . CIHI 
56 
21. 
A bridging-hydride structure has also been proposed 
for the complex Mn (CO) 3 (C GHg ) (~) , prepared from the 
reaction of [Mn (CO) 3 (l - 4-n-c yclohexadiene) ] ( 5 8 ) with H20. 59 
The complex, ~, is formed from the reaction of the benzene 
complex 57 with lithium triethylborohydride. 59 
@) 0 H2 H3 ""Q" 4 1 Hexo 2 Et3BH-Mn 
• Mn- H2O 3 2 H I (CO)3 (CO)3 • Mn- 1 (CO) 3 
57 58 59 
are consistent with the proposed bridging-hydride structure. 
The one-bond C-H coupling constant between C 1 and the 
bridging-hydroge n is 83Hz 59 which is similar to that 
observed in the proton-coupled 13 C NMR spectra of the iron 
complexes ~ (L = CO) and [Fe(P(OMe) 3) 3 (cycloheptenyl)]+ (56)~,55 
At temperatures above -lOOoC two fluxional processes can be 
identified by variable temperature IH and 1 3C NMR spectroscopy. 
The faster process (eq . 1.2), involving reversible Mn-H bond 
breakag , results in the e quilibration of the endo -methylene 
protons (H 1 ,H 2) on the carbon atoms adjacent to the allyl 
group . The slower process (eq. 1.3) involves C-H bond 
breakage . When coupled with the faster process, C-H bond 
22. 
breaking (eq . 1 . 3) results in t h e equilibration of all 
e ndo-met h ylene protons ( Hl , H2, H3). At t h e same time all 
't 'l'b d 59 exo rlng pro ons are equl 1 rate . 
eq . 1.2 
eq . 1.3 
The iron complex [Fe (HMB) (C 6H9 )]+ (§.l), prepared 
from the protona tion of Fe (HMB) (1-4- n-cyclohexadiene) (60) 
by HPF 6 , may also adopt a bridging-hydride str,ucture at 
-95
0
C. At temperatures above -95 0 C, equilibration of the 
e ndo -methyle ne protons HI, H2 and H3 occurs. This result 
is analogous to that observed for Mn(CO) 3( C 6H9) (59) when 
both the exchange processes eq . 1 . 2 and eq . 1.3 are operating. 
Fe 
HPFS QH' .. 6 
":J H2 
Hexo Hexo 
60 61 
23. 
Although the complex , Fe(CO) 3 (norbornadiene) (~) was 
originally thought61 to give [FeH(CO) 3 (norbornadiene)]+ 
. 1·· / 50 0 62 (~) on dlsso utlon In HS0 3F S0 2 at - C, Olah et al 
have suggested on the basis of 1 3C NMR studies that the 
product could be better formulated in terms of rapidly 
equilibrating homoallylic D, n species (eq. 1.4). 
~ HS03F/S02 rPH ~e 
-50 0 + F. H a Ie x (CO)3 (CO)3 
62 63 
64 
eq. 1.4 
In FS0 3H/ S0 2 solution at -85 0 C Fe(CO)3 (n4 -cyclobutadiene) 
63 (6 5 ) giv s the D, n -allyl complex ~. For both the 
norbornenyl complex 64 a nd the cyclobute nyl complex ~, 
62 63 unusually hi g h 2J and 3J ax values are observed, , C1Hx 
so that they may also be r egarded as having the bridging-
hydrid structur s 67 a nd 68 respectively. 
24. 
65 66 
3 4 1\- -,-;: 
2 a 
+ Fe--Hx 
( C'o)3 
67 68 
n'l -Die ne complexes of meta l 's of the cobalt tr iad 
of the type M( ns -C s Hs ) ( n 4-diene) are also susceptible to 
protonation. Compl e x e s of this type formed by acyclic 
dienes have not been as thoroughly investigated as the 
corresponding iron tricarbonyl complexes . The complex , 
Ir(ns-CsHs) ( n 4-butadie ne) (69) in dichloromethane is 
protonated by an equimolar amount of trifluoroacetic acid 
to give the sixteen-electron anti - methylallyl cation 
Deuteration studies show 
h ' 1 64 t at a slow exc hange , on the NMR tlmesca e, occurs . The 
1 s + H NMR spectrum of [Ir(n -C s Hs ) (C 4H7 )] (2..Q) is also 
consiste nt with a fluxional bridg ing-hydride ,species 71, 
+ 
a nal ogous to (F e (CO) 3 (C4H 7)] (48). This possibility cannot 
25. 
be ruled out although no changes are observed in the IH 
64 NMR spectrum of 70 when recorded at low temperatures. 
The IH NMR spectrum of 70 is also consistent with the 
trifluoroacetate complex [Ir( n 5-C 5H5)~nti -methylallyl) 
M 
I r 
I 
Cp 
69 
69 
TFA 
71 
//\\ 
+ I r 
C~ 
70 
70 
I!\A 
+ IrH 
I 
Cp 
Although not prepared by protonation, [CoH(n 4 -
dimethylbutadiene) (PPh 3 ) 2 ] (~) is structurally related 
to the products obtained by protonation of n 4 -diene 
1 d h "1 f . 1 b h' . l' 65 comp exes an sows S1m1 ar lux10na e aV10ur 1n so ut10n. 
The complex was originally formulated as a hydrido-diene 
species but its IH NMR spectrum at -500C is consistent with 
the bridging-hydride structure ll. At 40 0C the methyl 
protons of II (Ha , Hb and Hc) equilibrate, probably via an 
n
3
-allylic intermediate (74) . 
. HX HC)~ ~ I~ Ph P- Co 3 / ~ 
"b "a-<;o ~ CH 3 (~~h3 )2 PPh3 (PPh3 )2 
72 73 74 
2f . 
5 The complex Rh(n -CsH s ) (l- 4-n-C 6Hs ) (75) is readily 
protonated by HPF6 to give a complex of empirical formula 
5 66 67 [Rh(n -C s Hs ) (C 6H9 ) jPF 6.' This complex shows no bands 
due to v(Rh-H) and its lH NMR spectrum in solution shows 
the presence of an equilibrium between the hydrido-diene 
cation [RhH(n s -C S H S )(1-4- n -C 6 HS)j+(~) and the sixteen-
. 5 + 67 e lectron allyl catlon [Rh(n -C s Hs ) (l-3 - n -C 6H9) j ("T!.J. 
This equilibrium, which results from the rapid transfer (on 
the NMR timescale) of the hydride proton between the metal 
and the cyclohexadiene ligand , causes the equilibration of 
the e nd o -methylene protons , Hs and H6 , of the cyclohexadiene 
and the hydrido proton Hx . (Scheme 1.5) The exchange 
process is not frozen out at -50o C and there is no evidence 
for a bridging-hydride species analogous to the iron 
complexes 55 (L = CO,P (OMe) 3 ) • (Scheme 1.4) 
@ HPFS Q ~ 
.. +RhH x --.::::.... 6 ~ +Rh 0 0 1 4 6 5 H exo Hexo 
H6 H5 
75 76 77 
Sc he m 1 . 5 Protonat i o n of Rh (ns-CsH s ) (1 - 4- n-cyclohexadiene). 
In contrast t o the r hodium complex~, [IrH( ns -C sHs ) 
(1 - 4-n-C 6Hs ) j+ , formed in si tu by the protonation of 
Ir (n s -CsH s ) (l - 4-T1-C 6HS) with trifluoroacetic acid , shows 
a lH NMR spectrum c haracterist ic of the di e ne-hydride species 
. 0 Coalescence of the diene resonances occurs at 82 C. 
27. 
Fluxional behaviour , similar to that ob served 
for the rhodium complex ~, is shown by IrH(1 , 2 : 5 ,6 -n -
cyclooctadiene) (1-4- n-cyclohexadiene) (~) which is prepared 
by the reaction of [IrCl(1,2:5 , 6-n-cyclooctadiene)] 2 with 
isopropyl Grignard Reagent and cyclohexa-l , 3-diene. 68 The 
IH and 1 3 C NMR spectra of 78 at about -70oC are consistent 
with the hydrido-diene structure 78 . At higher temperatures, 
the endo -me thylene cyclohexadiene protons and the hydrido 
pro ton are equilibrated . The cyclooctadiene protons do 
not participate in the exchange process (eq. 1.5) . 68 
78 79 
In trifluoroacetic acid , Rh(ns - C sHs) (1,2 : 5,6-n-
eq. 1 . 5 
1 .) ( ) d l' f ' . 69 cyc ooctadlene ~ un ergoes a comp ex serles 0 reactlons. 
Protonation occurs on the eight-membered ring to give initially 
the a ,n-cation 81 which then isomerizes by successive [ 1 , 2 ] 
shifts of the a -bond to give the n 3 - allyl cation 83 . (Scheme 1 . 6) 
~ 
Rh 
o 
lFA ~ ~ 
-=:::... + Rh --..::::.... +Rh • ~ ~
0 0 
81 82 
2g • 
Treatment of the correspondi ng iridium cycloocta-l , 5-
diene complex Ir ( nS-CsHs) ( l,2 : 5 ,6- T1-C s HI 2 ) ( ~) with trifluoro-
acetic acid gives a hydrido-diene complex ~ containing the 
1 3 d ' l ' d 69 h 1 85 cycloocta- , - lene 19an. T e comp ex __ undergoes a 
slow equilibration (on the NMR timescale) of the e ndo -
methylene cyclooctadiene protons and the hydrido proton. 
This is shown by the slow incorporation ,of ,deuterium into 
the e ndo - methylene positions of the cyclooctadiene ligand 
when 84 is dissolved in CF 3COOD . 
~ TFA ~ 
I r .. • IrH 
0 0 
84 85 
© o· () 
I r .. + IrD 
0 0 o 0 
o 0 
84 86 
Th norbornadi e n e complex Rh(nS-CsHs) (norbornadiene) 
(~~) is report e d to be protonated in CF 3COOH solution to 
29 . 
(eq . 1. 6) ~ 0 R~ TFA > +Rh 6 ~ eq. 1. 6 
87 88 
The study of the protonation of n4 -diene complexes 
has been largely confined to the tri{carbonyl) and tris{tri-
methylphosphite) complexes of iron{O) and the cyclopenta-
dienyl complexes of rhodium{I) and iridium{I) . This work 
extends the study of these reactions to Ru (arene) ( n 4 -diene) 
complexes, the protonation of which is discussed in Chapter 2 . 
3 O· 
CHAPTER TWO 
ARENE-DIENE COMPLEXES OF ZEROVALENT RUTHENIUM 
AND THEIR PROTONATION REACTIONS 
2 .1 Introduction 
Until recently ver"y few arene-diene complexes of 
zerovalent ruthenium were known , especially in comparison 
with the range and variety of isoelectronic tricarbonyliron(O) 
70 diene complexes . The 1 , 3-cycloh exadiene complex 
RU (1l6 _C 6H6 ) (l- 4-11-C6Ha) (~) was first prepared by the 
reaction of the bis(benzene) dication, [RU(1l 6_C6H6hJ+2, with 
sodium boro hydride 71 and, independently, from the reaction of 
anhydrous ruthenium trichloride with isopropyl Grignard 
reagent and 1, 3-cyclohexadiene . 72 More recently, ~ has 
been prepared from the reaction of ethanolic ruthenium 
tr ichloride and 1, 3-cyclohexadiene in the presence of zinc 
dust73 , 74 and from the reaction of the benzene ruthenium 
dichloride dimer [RuC1 2 (1l6 _C6H6 ) h with isopropyl Grignard 
reagent and 1 , 3-cyclohexadiene . 75 
Q 
Ru 
,0, 
6 5 
89 
31· 
The 1 , 5-cyclooctadiene complexes , Ru(arene) (1 , 2 : 5 , 6-
n-C aH1 2 ) (2.1:.. ) (arene = benzene , toluene , p - xylene) are 
obtained by displacement of 1,3 , 5-cyclooctatriene from 
Ru(1-6-n-CaHIO) (1 , 2:5,6-n-CaH12) (90) under hydrogen in the 
76 presence of the arene . 
are1ne 
RuCI 3 Zn/EtOH Ru arene Ru > > 8 7 
0 H2 3 4 
90 
(b) arene C6HSMe 
The structure of Ru(n 6-C 6H6 ) (1,2 : 5,6- n -C aH12 ) (91a) 
h b f · d d . . 77 as een con lrme by an X-ray structure etermlnatlon 
on a sample prepared from the reaction of [RuC1 2 (1 , 2:5,6-n -
C aH1 2)) 2 with isopropyl Grignard reagent and 1 , 3-cyclohexadiene. 75 
The b e n zene complex 91a may also be prepared by heating 
[RuH (1, 2 : 5 ,6- n-C !j 1l1 2) (NH 2NMe 2) 3)BPh 4 in an acetone solution 
78 in the presence of b enzene. 
Red uction of [Ru(n 6-C GMe 6) 2)+ 2 with sodium in liquid 
ammonia gives the diamagnetic complex Ru( n6 -C 6Me 6 ) (1-4-n-C 6 Me 6) 
3 2. 
(92) which has one arene ligand ponded to the metal as 
a non-planar n4 -diene. 79 
Na/NH 3 
.. 
92 
The complex, ~, is fluxional in solution, und'er-
79 going equilibration of all the methyl protons. The 
.presence of the n4 -arene is supported by the IH NMR spectrum 
o 
of the complex at -10 C which shows a singlet for the methyl 
groups of one arene and three singlets of equal intensity 
for the n 4 _arene. 79 ,80 The structure of the complex in the 
81 
solid state was confirmed by an X-ray diffraction study. 
The analogous bis (benzene) complex, Ru(n6-C6HG) (n4-
C6HG) can be prepared as thermally unstable Drange crystals 
f . f h' . h b 82 rom the co-condensatlon 0 rut enlum vapour Wlt enzene. 
The reaction between Ru (n 6 -C G HG) (l-4-n -cyc lohexadiene) 
(89) and acetylenes RC =CR (R = Ph ,COOMe), under ultraviolet 
irradiation yields the bis(arene) complexes Ru(n G-CGH6) (n4_ 
CGRG) (R = Ph,COOM) . 83 
The fluxional cyclooctatetraene complexes, Ru(arene) 
33. 
from the reaction of the arene dichloride dimers [RuC1 2 (arene)]2 
with cyclooctatetraene dianion. An X-ray diffraction study 
of the he xame thylbenzene derivative established the l-4 - n 
bonding mode of the c y clooctatetraene ring. 84 , 85 
The reaction of the hexamethylbenzene dichoride 
ruthenium dimer , [RuC1 2 (HMB) ] 2 (~)' with either 1,3-
cyclohexadiene or 1,5-cyclooctadiene and sodium carbonate 
in ethanol yields the zerovalent complexes Ru(HMB) (l-4-n -
C6Ha ) (2iJ and Ru(HMB) (1,2 : 5,6 - n -C aH1 2 ) (95) respectively . 
(S cheme 2.1)86 Under similar conditions reaction of 93 with 
2 86 
ethyle n e g ives the bis (e thylene) complex Ru(HMB) (n -C 2H4) 2 . 
1 
Ru 2n 6 ~5 
4 
95 
Scheme 2 .1 Preparation of Ru (HMB) ( n 4 -diene) complexes 
[rom l RuC1 2 (HMB) 12 . 
This r eac tion is thought to proceed by hydrogen 
a bstraction from the e thanol solvent to give acetaldehyde 
d 'd' ( 2 1) 87 , 88 a n metal hydrl e specles eq . . . 
Mel + EtOH _-_H_C_I _ , M OC H Me ----+ 
I 
MH + MeCHO eq. 2 .1 ----+ MCI 
I 
HOEt H 
34 . 
Support for the existence of intermediate hydride 
species In the formation of the Ru (HMB) (n" -diene) complexes 
comes from the reaction of [RuC1 2 (HMB) 1 2(~) with sodium 
carbonate and 2-propanol, from which the bridging -hydride 
complex , [( n6 -C 6Me 6Ru) 2 ( w-H) 2(W -Cl) lCl(~), can be isolated. 89 ,90 
The complex ~ reacts readily with a variety of cyclic and 
acyclic diolefins to give zerovalent Ru(HMB) (n"-diene) 
complexes (Scheme 2.2) .89,90 The reaction of the hydride 
intermediates with the dienes is thought to occur by insertion 
of the diene into the Ru-H bond to give initially enyl 
complexes which may then undergo elimination of hydrogen 
ch lor ide to give the n" -diene complexes (eq. 2.2). 89 
MH 
CI o 
MH db MC -HCI M 1 ____ • o 0 Eq. 2.2 
In the case of the cyclic dienes, 1,3-cyclohexadiene, 
1 ,5-cyclooctadiene, dicyclopentadiene and norbornadiene, 
elimination of hydroge n chloride from the en-yl intermediate 
read ily occurs to give the n"-diene complexes. However , in 
the case of acyclic diolefins , the ability of the intermediate 
n 3 -allyl complex to eliminate hydrogen chloride depends on 
the substituents on the allyl group . Addition of a metal -
hydrogen bond to acyclic dienes may form either syn (eq. 2.3) 
or anti (eq. 2 .4) allyl complexes. 
$RU-o 
94 
tf't:A-G-R~ ~ CH) 
Cl 
99 
-
JQt) G - RU/ CH3(61 Ht.~ H) 
HS 
102 
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95 \0 ~ 
*
2 3 Ruf! 
6 5 
97 
lob 
11\ l *R~~"'RU* IlL < CI/ (I » 
96 ~~ \-L ~ /~ ~ 
l¢t) H~ '" CH * '~H G - Ru 3(3) - - Ru 3 H 'Jf CH H4~ CH3(5) 2 3(3) 
H, CH 3(6) 
101 104 
*R<7 
98 
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Scheme 2.2 Preparation of Ru(HMB) (n"-diene) complexes 
89 
from [( (HMB) Ru) :2 (Jl-Hh(Jl-Cl) ] Cl (~) . 
w 
'.n 
H-M 
I 
~ 
, 
36. 
) 
\ eq. 2.3 
\ 
\ eq. 2.4 
For the reactions of [NiH(P(OEt)3)4t 91, COH(CO)4 92 
and RhH(PF 3)4 93 with acyclic 1,3-dienes, the anti isomers 
are formed initially (eq. 2.4) but isomerize on heating 
to give the thermodynamically favoured syn isomers. In 
contrast, reaction of [(Rh(ns-CsMes)Cl) 2 (~-H) (~-Cl) ]94,95 
with acyclic dienes is thought to give the syn isomers 
directly (eq. 2.3) and the ruthenium complex ~ probably 
b h "1 1 89 eaves Slml ar y. In order to undergo elimination of 
hydrogen chloride the s yn -allyl complex must undergo 
isomerizati on to the anti -allyl isomer in which the carbon 
skeleton is suitable for formation of a complexed 
1,3-diene (eq. 2 . 5). 
~ ~ ~~r\' -Hel RuCI~ Ruel ~ Ru (I" '-~ Ru eq . 2.5 
37. 
Due to the high activation energy for this process, 
this isomerization is thought unlikely to occur. 89 Thus 
the reaction of 96 with butadiene should give not the n 4 -
butadiene complex but rather the syn methylallyl complex ~, 
as is in fact observed. When the n 3 -allyl complex has 
both syn and anti-I-methyl groups, elimination of hydrogen 
chloride may occur as the carbon skeleton is already 
/ 
cisoid and close to the conformation needed for the 
formation of the diene complex (eq. 2.6) .89 Thus reaction 
of ~ with 2,3-dimethylbutadiene, isoprene, trans-2-
methylpenta-l,3-diene or trans-3-methylpenta-l,3-diene 
yields l-4-n-diene complexes. 
~ I Ru (I Ruel 
90 ( Sc heme 2. 2) 
-Hel ~ 
Ru eq. 2.6 
The reaction of [RuC12 (HMB)]2(93) with cycloheptat-
riene, base and ethanol gives the l-5-n-cycloheptadienyl 
complex 105, after addition of NH4PF6, rather than the 
86 
expected l-4-n-cycloheptatriene complex. 
o 
> 
1. Na
2
Co 3 , 
EtOH 
2. NH
4
PF
6 
105 
38. 
The penta-l , 3-diene complex 106, which cannot 
be prepared from the reaction of the hydride complex '~ 
with the diene, sodium carbonate and 2-propanol, is 
obtained from the reaction of [RuC1 2 (HMB)]2 with ethyl 
magnesium bromide in the presence of the diene. 89 This 
method also serves as an alternative preparative method 
for the synthesis of the diene complexes ~, ~, 97 and 
101 . 89 
EtMg Br 
.. Ru 
106 
This chapter discusses the protonation of some 
Ru(arene ) (diene) complexes and compares the results with 
those obtained on protonation of the isoelectronic 
complexes FeL 3 ( n 4 -diene) (L 
( n 4 -diene) (M = Rh,Ir). As discussed in Chapter 1, proto-
nation of t h e iron and rhodium complexes often leads to 
products which undergo reversible transfer of a hydrogen 
atom between the metal and the ligand . Such processes 
ar important in many of the catalytic reactions of 
. 96 d 1 f' transition metal complexes e.g . hydrogenatlon an 0 e ln 
, ,, 97 lsomerlzatlon. 
39. 
2.2 Preparation of Ru(arene) (n 4 -diene) Complexes 
In order to study the protonation of Ru(arene) (diene) 
complexes it was necessary to synthesize a number of 
hitherto unknown members of the series. In general this 
was achieved by heating the appropriate [RuC12 (arene)]2 
complex with anhydrous sodium carbonate, 2-propanol and 
the appropriate diene. The analytical data for new 
Ru (ar ene) (diene) complexes are given in Table 2.1. IH and 
1 3 C NMR spectral data are given in Tables 2.3 and 2.4 
respectively. 
A number of known Ru(arene) (diene) complexes, 
which have been prepared previously by other methods, 
can also be prepared by this general method e.g. 
C e H1 2 )(91a) . The hexamethylbenzene complexes ~, ~ and 
101-104, which have been prepared from the bridging -hydride 
complex ~ (Scheme 2 . 2 ),89 can be prepared directly from 
[ R u C 1 2 (HMB) ] 2 (9 3 ) 
The 2 , 3-dimethylbuta-l,3-diene complexes, Ru(arene) 
t 
obtained in yields of 30-50 % as air-sensitive, pale yellow 
solids . 
TABLE 2.1 
Analytical and Mass Spectral Data 
Complex M.p.a. Analyses : Found (calculated) % + M 
°c C H P a.m.u. 
Ru ( n 6 - c 6 H 3 Me3 )(NBD) (l0 8 b) 58 g · 60. 8 (61. 3) 6 . 5 (6 . 4 ) 314 
Ru(n 6-C 6Hd (NBD) (l08a)b . 78g · 59.3 (57.55) 5 .5 (5. 2) 272 
Ru( n6 - C 6H4Me 2) (NBD) (l 0 8c) 58 g · 60.3 (60.2) 6.1 (6.1 ) 300 
Ru (HMB) (1l 4 - 1 , 3 , 5 - tr imethylcyclohexa-
.t::. 
l,3-diene) (109) 65.8 (65 . 4) 8 . 4 (8.4) 386 0 
Ru (HMB) (1l 4 - 5 - ethylcyclohexa-l, 3-
diene) (llO)c. 65.3 (64.7) 8 . 3 ( 8 . 1) 372 
RU(1l 6 - C 6H6) (1l 4-2, 3 - dimethylbutadiene) 
(l07a) 56.0 (5 5 . 2) 6.5 ( 6 . 2 ) 262 
Ru ( 1l 6 -C 6 H 3Me 3 ) ( 1l 4 - 2 , 3 - dimethylbutadiene) 
(l07b) 59 .5 (59.4) 7.3 (7 . 3) 304 
[RuH(HMB) ( n 4 -2, 3 - dimethylbutadiene) ]PF 6 
(l18c )d . 160 43 . 6 (44.0) 6.0 (5 . 9 ) 6.4 (6 . 3) 
[RuH( n,6 _C 6H6 ) (1l 4 - cyclohexa-l , 3-diene)] 
PF6 (131a)e. 158 35 .6 (35.6) 3 . 85 (3 . 7) 7 . 8 (7 .6) 
Complex 
[RuH(HMB) (1-4 - n -5-ethylcyclohexadiene) ]PF 6 
(133)f. 
[RuH(HMB)1-4 - n - l,3 , 5-trimethylcyclo-
hexadiene)]PF 6 (138) 
[RuH (HMB) (1 , 2: 5, 6 - n - cyclooctadiene) ] PF 6 (14 2c) 
[RuH ( n 6 - C 6 H3Me 3 ) (1,2 : 5 , 6 - n - cyclooctadiene) ] PF 6 
(142b) 
[RuH( n6 - C 6H6 ) (1 , 2:5 , 6-n - cyclooctadiene) ]PF 6 
(142a) 
[Ru(HMB) (C7H 9 )]PF6 (159c) 
[RuH(n6 - C6H 3Me 3 ) (NBD)] PF 6 (158c) 
[Ru (n 6 - C6H 3Me3) (C7H9)] PF 6 (15 9c) 
[Ru(n6 - C 6H6) (C 7H9) ]PF 6 (l58a) 
[Ru (HMB) (1-3 : 5 , 6 - n - cyclooctadienyl) ] BF4 (182) 
[RuC12 ~-xylene)] 2 h . 
M. P. a 
°c 
152 
230 
160 
115 
90 
160 
120 
192 
190 
280 
46.2 
47.0 
46 . 7 
42.7 
38 . 9 
45 . 2 
41. 5 
41.7 
37 . 6 
52 . 8 
34 . 3 
Analyses: Found (calculated) % M+ 
C H P a . m.u . 
(46 . 4) 5 . 9 (6 . 0) 6 . 15 (6 . 0) 
(47 . 45) 6 . 1 (6. 3 ) 6 . 2 (5 . 8 ) 
(46 . 4) 6.3 (6 . 1) 5 . 9 (6 . 0) ~ I-' 
(42 . 95) 5 . 4 (5 . 3) 6 . 6 (6 . 5) 
(38 . 8) 4.5 (4 . 4) 7 . 3 (7 . 1 5 ) 
(45 . 5) 5 . 5 (5 . 4) 6 . 5 (6 . 2) 
(41. 8) 4 . 9 (4 .6) 6 . 6 (6 . 7) 
(41.8) 4 . 7 (4 . 6) 6.6 (6 . 7) 
(37 . 4) 3.7 ( 3 . 6) 7 . 7 (7 . 4) 
(52 . 5) 6 . 6 (6 . 4) 
(34 . 6) 3 . 6 (3. 6 ) 
(a) Dec omposes withou t melting . 
(b) Satis factory analyses difficult to o btain due to compound being very 
air sensitive . 
(c) Also contains - 20 % of unknown isomer . 
(d) II. = 78 . 1 ohm- 1 cm 2mol- 1 (2 x 10- 3M in CH 3N0 2 ) 
(e) II. = 57 . 3 ohm- 1 cm 2mol- 1 (2 x 10- 3M in CH 3N0 2) 
(f) II. = 75 . 5 ohm - 1 cm 2mol- 1 (1 x 10 - 3M in CH 3N0 2 ) 
(g) Determined in a sealed capillary under nitrogen . 
(h) Cl 2 5 . 6 (25 . 5) 
~ 
tv 
TABLE 2.2 
Anal y tical and IR Data for n 3-allyl Complexes 
Compl e x 
[Ru (HMB) ( n 3 - 1,1, 2-trimethylallyl) 
(t - BuNC) ] PF 6 (144) 
[Ru (HMB) ( n 3 -1,1, 2 -trimethylallyl) 
(CO)]PF 6 (143c)e. 
[Ru(HMB) ( n 3- 1 , 1-d ime t hy l a lly l ) 
(CO)]PF 6 (145) 
[Ru (HMB) (n 3 -1, 1 , 3-trimethylallyl) 
(CO)]PF 6 (147) 
[Ru(HMB) (n 3 - anti , s y n -l,2, 3 - trimethyl-
allyl) (CO) ] PF 6 (148) 
[Ru( n 6-C 6H3Me 3 ) (n 3-1, 1, 2-trimethyl-
allyl) (CO) ]PF 6 (143b) 
M.P . a . 
°c 
201 
186 
178 
175 
180 
184 
Analys e s: Found (calculated) % IR 
C H N P cm- 1 
48 . 2 ( 4 8 . 1) 6 . 7 ( 6 . 7) 2 . 4 ( 2 . 4 ) 5 . 6 ( 5 . 4 ) v (CN) 214 5 c . 
44.1 (43.9) 5 .6 (5.6) 6.0 (6.0) V (CO)1995d . 
4-2.5 (42.8) 5.4 (5.4) 5.9 (6.1) V (C O)1998d . 
43.7 (43.9) 5.5 (5.6) 6.2 (6.0) V (CO)1996d . 
43.9 (4 3 . 9) 5 .7 ('5.6) ' 6.0 (6.0) V (C O)2000d . 
40.1 (40.3) 4.9 (4.8) 6.2 (6.5) V (CO)1995c . 
.Po 
W 
Complex M.P. a . Analyses: Found (calculated) % IR 
°c C H N P cm- 1 
[Ru (1l6 -C 6H6 ) ( 1l 3 - 1,l,2-trimethyl-
allyl) (CO) ]PF 6 (143a) 170 35 . 7 (35 . 9) 3 . 9 (3.9) 7 . 3 (7 . 1) v (CO)2010 d . 
[Ru(HMB) ( 1l 3 -cyclohexenyl) (~-
BuNC)] PF 6 (152b) 171b . 48 . 4 (48 . 2) 6.3 (6 . 3) 2.3 ( 2 • 4 ) 5 . 7 (5 . 4) V (CN)2140 c . 
"'" 
"'" [Ru(HMB) (1l 3 -cyclohexenyl) 
(P (OMe) 3 ) ] PF 6 (153b) 130 40.8 (41.1) 5 . 9 (5 . 9) 10.2 (10.1) 
[RU( 1l 6 - C 6 H6 ) (1l 3 - cyclohexenyl) 
(P ( OMe) 3 ) ] PF 6 (l 5 3a) 114 34 . 1 (34 . 0) 4 . 6 (4 . 6) 11.8 (11. 7) 
[RU(1l 6 - C6H 6 ) (~-BuNC) (1l 3 - cyclo-
h exenyl) ]PF 6. (152a) 165 41.8 (41.8) 5.2 (4 . 9 ) 2.7 (2 . 9) 6.6 (6 . 3 ) v (01) 2155c . 
[Ru (HMB) (1l 3 - 5-ethylcyclo-
hexenyl) (~-BuNC) ]PF 6 (154)f. 182 50.05 (50.0) 6 . 7 (6. 7) 2 . 3 ( 2 • 3) 5.2 ( 5 . 2) v (CN) 2140 C . 
3 • [Ru (HMB) (Il -cyclooctenyl) (CO) ] 
PF6 (155) 209 46.1 (46 . 2) 5 . 5 (5 . 7) 5.8 (5.7) v (CO) 197 (c . 
Complex M . P . a . Analyses : Found 
°c C 
[Ru(HMB) (1l 3 - cyclooctenyl) 
(P (OMe) 3 ) ] PF 6 (157) 145 43.0 (43.1) 
[Ru (HMB) (11 3 - cyclooctenyl) (.!:.-
BuNC) ] PF 6 (15 6c ) 114b . 49.7 (50 . 0) 
[Ru(1l6 - C 6H 3Me 3) (1l 3- cyclooctenyl) 
(.!:.- BuNC) ] PF 6 (l56b) 174 b . 47.4 (47.3) 
[RU( 1l6 - C 6H6 ) (1l 3-cyclooctenyl) 
(.!:.- BuNC) ] PF 6 (156a) 206 44 . 0 (44 . 2) 
[Ru(HMB) (C I OHI3) (.!:.- BuNC) ]PF 6 
(169) 160 51. 7 (51. 9) 
(a) decomposes without melting unless otherwise stated . 
(b) melts . 
(c) nuj 01 mull 
(d) CH2 C12 solution 
(e) A = 40 . 8 ohm- I cm 2mol- 1 ; 2 x 10-3M in CH 3N02 
(f) A = 69.6 ohm- 1 cm 2mol - l ; 1 x 10- 3M in CH 3N0 2 
H 
6.2 (6 • 2) 
6.6 (6 . 7) 
6 . 3 ( 6 • 1) 
5 . 5 (5 . 5) 
6 . 5 (6. 5 ) 
(calculated) % IR 
N P cm- I 
9.9 ( 9 • 7) 
2 . 3 (2 . 3) 5.5 (5.2) V (CK)2150 c . 
,I::. 
V1 
. 
2.4 (2.5) 5 . 4 (5 . 55) v( CN) 2145d . 
2.7 (2 . 7) v (CN) 2155c . 
2 . 1 ( 2 • 2) 5 . 15 (5 . 0) v (CN )2142 c • 
TABLE 2.3 
lH NMR Dataa • for Ru(n 6 -arene) (n 4-diene) Complexes 
Complex Arene Resonances (0 ) 
CH CMe 
Ru (n 6 -C 6 H6 ) (1-4 - n -cyc lohexadiene) (89) b. 5.00 (s,6H) 
Ru(HMB) (1,2:5,6-n -cyclooctadiene) (95)c. 1.81 (s,18H) 
Ru ( n 6 -C 6 H3Me 3 ) (n 4 -2,3 -dimethylbutadiene) 4.61 (s,3H)' 1.93 (s,9H) 
(1 07b) 
Ru(n6-C 6H6) (n 4-2,3-dimethylbutadiene) 4.79 (s,6H) 
(107a) 
Ru (HMB) (n 4 -1,3,5 -trimethylcyclohexa- 1.91 (s,18H) 
1,3-diene) (109) 
Diene Resonances(o) 
4.92 (dd,2H) H2 ,3; 3.27 (m,2H) 
Hl,4; 1.83 (m,4H) CH2 
2.64- (br s,4H) CHi 2.39 (s,8H) 
CH2 
1.97 (s,6H) CH 3 ; 1.56 (d,2H,Jl2 = 
1.25) HI; 0.33 (d,2H) H2 
2.02 (s,6H) CH3; 1.27 (d,2H) Hl; 
0.25 (d,Jl 2 = 1,2H) H2 
4 .07 (s, IH) H 2 ; d H If; 2.10 
.e-
m 
(m,IH) H s ; 1.28 (m,IH), 0.92 (m,lH) CH2 
1.69 (s,3H), 1.26 (s,3H) Me; 
1.09 (d,J = 6,3H) Me 
Complex Arene Resonances (6 ) Diene Resonances (6) 
Ru(HMB) (n 4- 5- ethylcyclohexa-l , 3 - diene) (110) 
Ru( n6 -C6~)( n4 -NBD) (108a) 
RU(n 6- C6H4Me :d ( n 4-NBD) (108c) 
Ru( n6 -C 6H3Me3) (n 4-NBD) (108b) 
CH 
4 . 85 (s,6H) 
4 .7 8 (m,2H) 
5 . 08 (m,2H) 
4 . 82 (s,3H) 
(a) Recorded at 100 MHz in C6D6 . Chemical shifts( 6) 
in ppm downfield from internal TMS . Coupling 
constants(J) in Hz. Protons numbered according 
to attached carbon atoms. 
CMe 
2.09 (s,18H) 4 . 43 (m,2H) H2,H 3; 2 . 46 (m,2H) 
H1 ,I-h; 0 . 84 -1.96 (m,8H) CHz, 
C!i3,Hs 
2 . 98 (t,JI Z = 2,4H) H2 , 3 , S,6 ; 
3 . 38 (m,2H) HI, 4 ; 1.17 (t,J I 7 
1.5,2H) C!:iz 
1.70 (s,6H) 3 . 42 (m,2H) HI,4; 2 . 66 (t,JI Z = 
2 . 5,4H) HZ, 3 , S, 6 ; 1.17 (t,JI 7 
1.6,2H) H7 
1.82 (s,9H) 3.46 (m,2H) HI,4; 2.61 (t, JIZ = 
3 . 5,4H) H2T3T5T6; 1.20 (t,JI 7 
1.5,2H)C!iz 
(b) See reference 72. 
(c) See reference 134. 
(d) Obscured by arene resonance. 
"'" -.J 
TABLE 2.4 
13 C NM R Dataa ,b. of some Ru( n 6 -arene) (n 4-diene) Complexes 
Complex Arene Resonances ( 0) Diene Resonances( o ) 
Ru(HMB ) (1,2 : 5,6 - n - cyclooctadiene) (95) 
Ru(HMB) (l-4 - n - cyclohexadiene) (94) 
Ru (HMB) (1-4-n-5 - e thylcyclohexadiene) 
(110) 
Ru(HMB) (1-4 - n - l ,3, 5 - trimethylcyclo-
hexadiene ) (109) 
CH CMe Me 
97 . 1 14 . 9 65.9 CI , Z, 5 , 6 ; 34.3 
C 3 , 4,7,a 
91. 6 17. 2 76.15 C Z, 3 ; 55 . 2 Cl, 4 ; 
27.9 C S , 6 
91.6 (s) 17.3 (q,125) 76.15 (d,166) , 75 . 9 (d,166)' 
C Z,C3; 60.0 (d,143), 54.6 
(d,15 2) CI , C 4 ; 40 .5 (d,119) 
C s ; 36 . 9 (t,121), 32.75 (t, 
129) CH z ; 12 .2 (q,125) ~H 3 
91.55 (s) 16.5 (q , 125) 84 .0 (s) C 3 ; 78.7 (d,164) C z ; 
63.8 (d ,1 46.5) C 4 ; 56.1 (s) 
CI; 21 . 8 (q,123), 24 .9 (q, 
127), 26.5 (q ,1 23) ~H 3 ; 36 . 0 
(d,133) C s ; 43.8 (t,127) C 6 
.t:-
eo 
Complex Arene Resonances( o ) Diene Resonanc e s ( 0 ) 
CH CMe Me 
RU( n6 - C6H3Me3) ( n4 -2r 3 - d imethylbutadiene) 82.1 93 . 8 20 . 4 89.3 C 2 r 3 ; 39 .1 Cl r 4 ; 
(l07b) 18 . 3 Me 
Ru(HMB) (n 4 - NBD) (97) 94 . 9 16 . 4 54 . 7 C7i 48 . 3 Cl r 4 ; 27 . 9 
C2 r 3 r S r 6 
Ru( n6 - C6H3r1e 3) ( n~ -NBD ) (108b) 86 .9 95 . 4 19.8 55.4 C7i 48 . 2 Cl r 4 ; 23 . 3 
C2 r 3 r S, 6 
(a) ·Measured at 15.0 MHz in C6D6 . Chemical shifts( o ) in ppm downfield from TMS . Multiplici ties 
and IJCH (in Hz) in parenthesis. 
(b ) Carbon atoms numbered as in structural formulae . 
~ 
\.0 
50 . 
arene 
I 
Ru 
H H HW H, 
/~ 
> 
2 - propanol 
107 (a) arene 
In their IH NMR spectra both complexes show the 
expected resonances due to the coordinated arene ligands. 
On coordination , the resonances of protons directly 
attached to the aromatic ring of the arene are shifted to 
higher field relative to their positions in the free 
98 arene. Thus the benzene complex 107a shows a singlet 
correspond ing to six protons at 0 4 . 79 arising from the 
protons of the coordinated benzene ligand and the me s itylene 
complex 107b shows a singlet of relative intensity three at 
04 . 61 and another of relative intensity nine at 01 . 93 
assignable to the aromatic and methyl protons of the 
mesitylene respectively . The spectra of both complexes 
s how a six proton singlet attributable to the methyl protons 
of the di ne a nd two doublets, each having an intensity 
corresponding to two hydrogen atoms, arising from the 
olefinic protons HJ and H2 . The chemical shifts of HJ and 
1I 2 (Table 2 . 3) are similar to those observed in other n 4 -
butadi ne complexes e.g . RU(n 6-C 6Me 6) (2 , 3-dimethylbutadiene) ,89 
, ,99 ( 5 ) ( l' d ' ) 10 0 Fe(CO ) 3 (acycllc dlene) and Rh n - CsHs acyc lC lene. 
51. 
The 1 3 C NMR spectrum of 107b shows resonances at 
62 0.4, 82.1 and 93.8 due to the methyl, ~-H and ~-Me 
carbon atoms respectively of the coordinated mesitylene. 
As has been observed in the 1 3C NMR spectra of other arene 
1 101 h . comp exes, t e aromatlc carbon resonances are shifted 
upfield relative to their positions in the free arene. The 
spectrum shows two olefinic resonances and one methyl carbon 
resonance arising from the diene ligand. The olefinic 
resonances at 689.3 and 39.1 are assigned to C2,3 and Cl,4 
respectively , by comparison with the reported spectra of 
Fe(CO) 3 (1-4-n-acyclic diene) .102 rhe 13 C NMR spectrum 
of Ru(HMB) (l-4-n-cyclohexadiene) (94) (Scheme 2.1) is 
similar to that of Fe(CO) 3 (1, 3-cyclohexadiene) 102 showing 
three resonances for the cyclohexadiene ligand at 676.1, 
55 .2 and 27.9 which are assigned to C2,3, Cl,4 and CS,6 
respectively . The 13C NMR spectrum of Ru(HMB) (l,2:5,6-n-
cyc looctadiene) (95) shows a single resonance for the four 
olefinic carbon atoms at 665.9 and a single resonance for 
the four methylene carbon atoms at 6 34.3 as well as the 
expected arene resonances. 
The norbornadiene complexes, Ru(arene) (norbornadiene) 
(l0 8a ar n e = Cd! , 108b arene = CGi iJ He 3 , 108c arene = ~­
CH4 Me 2 ) are obtained as pale yellow, air-sensitive solids 
in yields of 26-47 %. 
52. 
Na
2 
(0
3 
arene 
[RuCl 2Care ne)] 2 > 
I 
2-propanol Ru 
cb ~ ~ ~ 5 2 6 1 7 
lOS (a) arene = CnH 6 
In addition to resonances due to the coordinated arene, 
the IH NMR spectrum of the mesitylene complex 10Sb shows 
three resonances due to norbornadiene at 62 .61 (t,4H), 
3 .46 (m,2H) and 1.20 (t ,2H) which are assigned to the 
olefinic protons , the methine protons (H I , 4) and the 
methylene protons respectively of the norbornadiene ligand. 
The other norbornadiene complexes lOSa and 10Sc give similar 
IH NMR spectra. The spectra of the ruthenium complexes are 
similar to those reported for the norbornadiene complexes 
Rh (n 5 -C sMe s ) (norbornadiene) 8 S and Fe (CO) 3 (norbornadiene) . 61 
The 1 3 C NMR spectrum of Ru (HMB) (norbornadiene) (97) 
shows thr e 1 3 C resonances due to norbornadiene at 6 27.9, 
4S.3 and 54 . 7 . By comparison with the 13 C NMR spe~tra 
of Rh ( n 5 -C s Hs ) (norbornadiene),103 Fe (CO) 3 (norbornadiene) 62 
and Cr(CO)4 (norbornadiene ),104 the resonance at 627 .9 is 
assigned to C 2 / 3 , S / 6 1 that at 64S .3 to C1 ,4 and the 
resonance at 0 54.7 to C7 . 
53. 
1,3,5-Trimethylcyclohexa-l,4-diene undergoes 
isomerization on reaction with [RuC1 2 (HMB))2 (93), sodium 
carbonate and 2-propanol to give Ru(HMB) (l , 3,5-trimethyl-
cyclohexa-l , 3-diene) (l09) . 
> 
2-propanol 
D Ne C 
Me 
A 
109 
The presence of the 1,3-diene is indicated by the , 
IH NMR spectrum, which shows three methyl resonances at 
81.26(s) , 1.69(s) and 1.09(d). If isomerization had not 
occurred the resulting 1,4-diene complex would have been 
expected to show only two methyl resonances owing to the 
mirror plane through the diene. The 13 C NMR spectrum o f 
109 shows three methyl 13 C resonances at 821 .8, 24.9 and 
26 .5 and six resonances at 88 4.0,78.7,63.8,56.1, 43.8 
and 36.0 due to the cyclohexadiene ring carbon atoms. On 
the basis of the proton-coupled 1 3 C NMR spectrum and the 
difference in chemical shift between inner and outer diene 
102 105 carbon atoms, ' these resonances can be assigned to 
54. 
C 3 , C2 , C4, Cl, CG and C5 respectively. The large 
upfield shift of the olefinic carbon atoms Cl and C4 is 
characteristic of the 1 3C NMR spectra of 1-4-n-diene 
102 105 
complexes . ' Isomerization of 1,4 -dienes to 1,3-
d ' 1 t' t , 106,107 , 86 lenes on comp exa lon 0 lron and ruthenlum has 
been reported previously. 
4-Vinylcyclohex-l-ene reacts with [RuC12(HMB)] 2 (2l), 
sodium carbonate and 2-propanol to give a pale yelle...., 
cowplex of empirical formula Ru(HMB) (C eH1 2). 
> Ru 2-propan 01 
6 
110 
The IH NMR spectrum of the product shows the presence 
of two isome rs in the ratio of 5 :1. The major isomer can 
be ide ntifi ed as Ru(HMB) (5-e thy lcyclohexa-l,3-diene) (110) 
on the basis of its 1 3C NMR spectrum which shows eight 
resonances at 8 76 .1 5 , 75.9, 60 .0, 54.6,40 . 5, 36.9,32.75 
and 13.2 in addition to those attributable to the arene . The 
isomerization of 4-vinylcyclohex-l-ene to an ethylcyclohexadiene 
55 . 
on coordination to ruthenium is indicated by the presence 
of a quartet (613 . 2) in t he proton- coupled 13C NMR· sp~ctrum 
due to the methyl carbon atom of the ethyl group. The 
five possible isomers of ethylcyclohexadiene are given 
below (structures 111-115) . 
--- ---
III 112 113 114 115 
The resonance at 640.5 appears in . the proton-coupled 13 C NMR 
spectrum as a doublet with IJCH = 119 Hz . This value of 
IJCH is consistent with a saturated carbon atom. lOB Thus 
this resonance is due to a methine carbon atom. Of the 
five possible ethylcyclohexadiene isomers, only two , III and 
114 , have a methine carbon atom. The isomer 114 may be 
excluded because of the presence of a mirror plane which 
would result in a simpler 1 3 C NMR spectrum . The structure 
110 is , therefore, assigned to the complex and the remainder 
of the 13 C NMR spectrum is in agreement with this structure. 
The resonances at 6 76.15(d , IJCH = 166 Hz) , 75 . 9(d, IJCH = 
166 Hz) ar assigned to C 2 and C3 while the resonances at 
56. 
0 60.0(d, IJCH = 143 Hz) and 54 . 6(d, IJCH = 152 Hz) are 
assigned to C1 and C4 • There are two methylene carbon 
resonances, in agreement with the proposed structure, at 
0 36 . 9(t, IJCH = 121 Hz) and 0 32 .75(t, IJCH = 129 Hz) due 
to C6 and the methylene carbon atom of the ethyl group. 
The IH NMR spectrum of 110 shows two multiplets, 
each corresponding to two protons at 0 4.43 and 2.46 which 
can be assigned to the olefinic protons H2 , 3 and HI , 4 
respectively . The remaining ethylcyclohexadiene protons 
appear in a complex pattern between 0 0.84 and 1.96. The 
hexamethylbenzene protons give rise to a singlet at 02.09. 
The presence of the minor isomer is shown by a second 
hexamethylbenzene resonance at 0 2.23 and multiplets at 04.99, 
3.18 and 3.41. The identity of the minor product could not 
be determined but it is probably a cyclohexa-l,3-diene 
complex rather than a 1,4-diene complex as isomerization 
of the unconjugated diene to the conjugated 1,3-diene 
. 86 106 107 
usually occurs on complexatlon. ' , The reaction of 
Fe2 (CO) 9 with 4-vinylcyclohex-l-ene also results in 
isomer i zation of the diene to give ethylcyclohexa-l,3-
109 dien e complexes . In this case the major product formed 
is the l-ethylcyclohexa-l,3-diene complex 116 (75 %) but no 
spectroscopic data for this complex were reported. The 
minor product was however identified by its IH NMR spectrum 
as the 2-e thylcyclohexa-l ,3-diene complex 117 . 
57 . 
116 117 
Isomerization of 4-vinylcyclohex- l - ene also occurs 
on reaction of [IrCl{1 , 5-cyclooctadiene)]2 and isopropyl 
Grignard reagent to give [IrH{5 - ethylcyclohexa-l , 3-diene) 
(1 , 5- cyclooctadiene)] .68 On the basis of the fluxional 
process observed for this complex , MUller et aZ 68 proposed 
that t h e ethyl substituent is e n do to t h e metal . As 
[RuH{HMB) {5-ethylcyclohexa- l,3 - diene)]PF6 , the product of 
protonation of the ruthenium complex 110 (see Section 2 . 5), 
shows a similar fluxional process (Scheme 2 . 9), it seems 
likely that the ethyl substituent is also e nd o in the 
ruthenium complexes . The formation of Ru (HMB) (5 - ethylcyclo-
hexa-l , 3-diene ) (110 ) with an e ndo ethyl substituent could 
occur as shown in Scheme 2 . 3. 
H 
I H Ru - CI 
>t>c( (; ~ ~ RUO I I ~ CI ~ 
Ru d ~ R,u -Q --=:::... CI-~ 
CI 
Scheme 2.3 possible mechanism for the formation of Ru{HMB) 
(c nd o -5- thylc yc l o he xa-l , 3-die n e ). 
, 58. 
2.3 Protonation of Ru(arene) (acyclic diene) Complexes 
Addition of aqueous HPF 6 to ether solutions of 
Ru(arene) (2,3-dimethylbuta -l,3-diene) (arene = C6Me6,C6H3Me3, 
C6H6) precipitates pale yellow complexes of empirical formula 
[Ru(arene) (C 6Hll) ]PF 6 (118a arene = C6H6, 118b arene = 
(118c) is air -stable as a solid but decomposes slowly in 
solution even under nitrogen. The benzene and mesitylene 
complexes are considerably less stable and no satisfactory 
analytical data could be obtained as these complexes could 
not be recrystallized without decomposition. They can, 
however, be characterized via the preparation of stable 
n3-allyl complexes which can be obtained from their reaction 
with carbon monoxide. 
>i< 
Ru 
I 
arene 
(Section 2.7) 
(c) arene 
~ 
/;\ 
+Ru 
I 
arene 
120 
(c) arene = C6Me 6 
Sc hem 2 .4 Protonation of Ru(aren ) (2,3-dimethylbutadiene). 
59. 
The IH NMR spectrum of the hexamethylbenzene 
complex 118c in dichloromethane is temperature-dependent. 
At 28 0 e the spectrum shows the expected singlet (02.23) 
for the arene methyl protons, a singlet (01.94) corresponding 
to six protons due to the methyl protons of the diene and 
a five-proton multiplet (0 -1.66) corresponding to the 
remaining protons (Figure 2.1). Lowering of the temperature 
results in the initial collapse of the multiplet at 0 -1.66 
o 
and the appearance, at -90 e, of three new resonances at 
01.64(2H), -0.55 QH) and -10.28(lH). The singlets due to 
the methyl protons of the arene and the diene are unaffected 
by temperature. These results can be explained by the 
existence at -90 oe of the diene-hydride complex · 118c. The 
resonance at 0 -10.28 can be assigned to the hydride proton 
while the resonances at 01.64 and -0.55 can be assigned to 
HI and Hz respectively . (Scheme 2.4). The large upfield 
shift of the a nti protons (H z ) is characteristic of these 
protons in butadiene 89 99 100 complexes. " At higher 
temperatures , equilibration of the hydride proton, HI and 
Hz occurs by the transfer of the hydride proton between the 
metal and the diene via the coordinatively unsaturated 
a llyl intermediate 119c. 
The 1 3 e NMR spec trum of 118c at 27 0 e (Table 2.6) 
shows, in addition to the arene resonances, resonances at 
0 25.5 ~ 90.4 and 17.9 corresponding to el , ~ ;e 2 , 3 and the 
methyl carbon atoms of the diene respectively. As a result 
60. 
x 
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x 
Me 
Ru-H 
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-8 
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Figure 2 .1 Variable temperature IH NMR spectra of 
[RuH(I1MB) ( 2 , 3-dimethylbutadiene) ]PF6 (118c). 
61. 
of the exchange the chemical shift of C1 ,4 is upfield 
from that expected for the outer diene carbon atoms of a 
static diene complex. As the temperature is lowered the 
signal due to Cl,4 collapses but a limiting spectrum lS 
not attained at the lowest accessible temperature, -95 0 C . 
Similar IH and 13 C NMR spectra are obtained for the 
benzene and mesitylene complexes, 118a and 118b eH NMR 
data , Table 2.5; 1 3C NMR data , Table 2.6). 
Theseresults provide no evidence for the presence of 
a bridging-hydride species such as 121, similar to that 
observed on protonation of [Fe~(acyclic diene)] (L = CO, 
P(OMe) 3 ) . The IH NMR spectra of the ruthenium complexes 118 
at -95 0 C differ + from that of the analogous [Fe(P(OMe)3h(C6 Hll)] 
(122) at -90 o C primarily in the greater symmetry of the olefin 
moiety of 118. 55 Thus the spectrum of 118 shows only one 
methyl resonance for the methyl groups of the olefin whereas 
that of the iron complex 122 shows two. The asymmetry of 
the iron complex, 122, is also reflected in the appearance 
of five one-proton multiplets for the remaining olefin 
protons, (o 2 . 25(Hd ), -0.39(He ), -2.58(Hc )' -2.30(H b), -14.8(Ha )), 
consistent with the bridging-hydride structure 122. 55 The 
I 65 0 H NMR spectrum at -50 C of the olefin moiety of 
Co(C 6 Hl d (PPhJ) 2 (73) is similar to that of the iron 
compl x 122, suggesting that this complex also contains a 
bridging-hydride . 
TABLE 2.5 
IH NMR Data for [RuH(arene) (diene)]PF 6a,b . 
Complex T Chemical Shifts( o ) 
°c Arene Resonances Other Resonances 
[RuH(HMB) (2 ,3-dimethylbutadiene)]PF6 28 2.23 (s,18H) Me -1.66 (m,5H) H l,H 2 ,RuH; 1.94 
(118c) (s,6H) Me 
~ 
-90 2.26 (s,18H) Me -10.28 (m,lH) RuH; 1.64 (m,2 H) 
HI; - 0 • 55 (m, 2 H) H 2 ; 1. 93 ( s , 6 H) 
Me 
[RuH (C6H3Me3) (2,3-dimethylbutadiene)] 28 5.53 (s,3H) CH -1.43 (m,5H) HI,H2 ,RuH 
PF 6 (118b) 2.27 (s,9H) Me 2.12 (s,6H) Me 
-90 5.53 (s,3H) CH -10.33 (m~H) RuH; -0.42 (m,2H) H2; 
2.27 (s,9H) Me 1.96 (m,2H) Hl; 2~11 (s,6H) Me 
[RuH (C 6 H6) (2,3 -dimethylbu.tadiene) ] PF 6 25 5.93 (s,6H) CH -1.26 (m,5H) Hl,H 2 ,RuH; 2.22 (s,6H) 
(118a)c. Me 
-95 5.97 (s,6H) CH -10.07 (m,lH) RuE; -0.48 (m,2H) H2 ; 
1. 65 (m, 2H) HI; 2. 22 ( s, 6 H) Me 
0"\ 
N 
Complex 
[RuH(HMB ) ( isoprene) ]PF 6 (124) 
[RuH (HMB ) ( 2-methylpenta-l, 3-diene)] PF 6 
(127 ) 
[RuH (HMB) (3-methylpenta-l, 3-diene)] 
PF 6 (130) 
[Ru H(HMB) (l,3-cyclohexadiene)]PF ? 
(131b) 
T 
°c 
Chemical Shifts( o ) 
Arene Resonanc es 
27 2 . 27 (s,18H) Me 
- 95d . 
27 2. 17 (s , 18 H) Me 
-9 5d • 2 . 03 (s,18H) Me 
27 2.25 (s,18H) Me 
-95d . 2.15 (s,18H) Me 
27 e . 2.30 (s,18H) Me 
-120d , f. 2.30 (s,18H) Me 
Other Resonances 
-1 . 53 (m, 5 H) H i , H 2 , H " , H 5 , R uH; 
5 .01 (m,lH) H 3 ; 2.10 (s,3H) Me 
-1 0.4 (br) RuH 
1.30 (m,3H) MeB ; 2 . 03 (s,3H) 
MeA; 4.43 (m,lE) H 3 
-11. 24 (br) RuH ; -1. 52 (br) Hi; 
O. 30 (br) H,,; 0.98 (br) H 2 ; 
1.8 8 (d,3H, J = 5.5) MeB ; 1.90 
(s,3H) MeA; 4.1 7 (d,J = 7,lH) H3 
2.01 (s,3H) Me 
-11.55 (br) RuH; 0.07 (br), -0.95 
(br), 1.03 (br) 1.94 (s,3H) Me 
- 2.90 (septet,3H) RuH , Hs endo ~ 
0"1 
W 
H 6endo 2.97 (m,6H) Hi, 2 ,3".,sexo , 6ex O 
-11. 03 RuH 
Complex T 
°c 
[RuH (C s H6 ) (1,3-cyclohexadiene)]PF 6 (131a) 27 
[RuH(HMB) (1 ,2:5,6 n -cyclooctadiene)] 
PF 6 (l42c)h,i. 
[RuH (C6 H3Me 3 ) (1,2: 5, 6 n -cyclooctadiene) ] 
PF 6 (l42b) h . 
[RuH (C 6 H6 ) (l, 2: 5, 6-n-cyclooctadiene) ] 
PF 6 (142a)c. 
[RuH (HMB) (n 4 -5-ethylcyclohexadiene) ] 
PF 6 (133) 
-lO Og· 
27 
27 
-50 
27 g · 
Chemical Shifts( o ) 
Arene Resonances 
5.S0 (s,6H) CH 
6.04 (s,6H) CH 
2 .26 (s,lSH) Me 
5.95 (s,3H) CH 
2.30 (s,9H) Me 
6.30 (s, 6H) CH 
2.30 (s,lSH) Me 
Other Resonances 
-2.94 (m,3H) RUH,H ser:do d-l 6endo ' 
3 . 2 2 ( q , 6 ~I J = 3) HI, 2 , 3 , It , 5 e x 0 , 6 ex 0 
-11.05 (m,lH) RuH; 1.15 (m,2H) C!i2 ; 
1.3S (m,2H) C!:! 2 ; 3.53 (m,2H) H1 , 4 ; 
5.56 (m,2H) H2 ,3 
-6.32 (br, lH) RuH; 1. 5 - 2 . 6 (m, SH) 
CH 2 ; 3.2S (m,4H) CH 
-6.0S (br,lH) RuH; 4.05 (m,2H), 
3.52 (m,2H) CHi 1.6-3.0 (m,SH) C!:!2 
-5.30 (br,lH) RuH; 4.67 (m,2H); 
3.71 (m,2H) C!i; 2.31 (m,SH) C!i2 
-5.31 (m,2H) RuH + H6 endo ; 4.92 
(t,lH,J I2 = 5.15) H2 ; 3.90 (m,2H) 
HI' 3 ; 2. 0 7 (m , 2 H ) H.., 6'; 1. 0 6 (m , 3 H ) 
HS,C!:!2 ; 0.S3 (t,J = 6.9,3H) Me 
0" 
~ 
Complex Chemical Shifts( 6 ) T 
°c Arene Resonances Other Resonances 
- 95g ,d . 2 . 31 (s,18H) Me 
- 11 . 4 (m,lH) RuH; 5 . 11 (m,lH) 
H2 ; 4.75 (m,lH) H3 ; 3 . 19 (m,lH) 
HI; j H,,; 1.00 (m , 2H) H6 ,H 6 '; 
1.18 (m,3H) HS,C!i2 ; 0 . 82 (m,3H) 
Me 
[RuH(HMB) (l,4-n-l,3 , 5-trimethyl-
cyclohexadiene~PF 6 (138)k . 
27 2.24 (s,18H) - 2.84 (m,2H); 2 . 66 (m,2H) ; 
1 . 38 (br d , 9H) Me 
(a) Recorded at 100 MHz in CH2C1 2 . Chemical shifts( 6 ) (f) In CHCIF 2 . 
in ppm downfield from TMS . Coupling constants(J) (g) Measured at 270 MHz. 
in Hz. (h) Hydride resonance unchanged down to -95° . 
(b) Protons numbered as in structural formulae . (i) Resonance at 63 . 28 sharpens at - 95°. 
(c) Recorded at 60 MHz . (j) Not located . 
(d) Spectrum is exchange-broadened . (k) Two hydride resonances observed at 0° : 
(e) See reference 86 . 6-2 . 78, -5.56. 
CJ"I 
U1 
TAB LE 2 . 6 
1 3C NMR Spectral Dataa,b . · for [RuH(arene) (diene) ]PF 6 Complexes 
Complex 
[RuH(HMB) (1 - 4 - n- cyclohexadiene)]PF 6 
(131b)c. 
[RuH (C 6H 6) (1 -4- n- cyclohexadiene)] PF 6 
(131a) 
[RuH(HMB) (1 - 4- n- 5-ethy lcxclohexa -
diene)]PF 6 (133) 
T 
°c 
25 
25 
- 95 
25 
Arene Resonances( 8 ) 
17 . 1 Me; 100.1 CMe 
87 . 2 (d ,lJCH = 180) CH 
86 . 9 (d,lJCH = 180) CH 
100 . 2 (s) CMe; 17 . 15 
(q, IJCH = 129) Me 
Oth er Resonances( 8 ) 
50. 4 CI- 6 
I 49.6 (dd, J CH = 165, e x o 
1 JCHe ndo = 48) Cl - 6 
1 23 . 8 (t, J CH = 135) C S, 6; 
46 . 8 (dd, IJCH = 159, exo 
IJCHe ndo = 41) Cl~; 77 . 5 (d, 
IJCH = 1 7 7) C 2 , 3 
11.2 (q, l J CH = 125) Me; 29 . 3 
(t, IJCH = 133 ) CH 2i 36 . 4 (d, 
1 J C H = 129) C s ; 42 . 1 (dd, 
IJCHe x o = 143, IJCH end o= 88) 
C .. , 6; 62.5 (dd,I JCH = 156, e x o 
1 
JC Hendo = 19 . 5) Cl ,3 ; 79.8 
1 (d, J CH = 170) C2 
m 
0"1 
Complex T Arene Resonances(o) Other Resonances(o) 
°c 
-95d . 98.6 (s) CMe; 10.5 (q,JCH = 124) Me; 
16.4 (q,lJCH = 12 8) Me 27.95 (t,lJCH = 129) CH z ; 
31. 5 (br d,lJCH = 155) C 1 ; 
37 .0 (d, I J CH = 129) C 5 ; 
64.5 (d,lJCH 144) c,+ ; 0'\ -..J 
75.5 (d,lJCH 178) C 3 ; 
80.4 (d, IJCH = 172) C z ; 
26.15 (t, IJCH = 130) C 6 
[RuH(HMB) (1-4 - n-l,3,5-trimethyl- 25 99.9 (s) CMe; 21.2 (q, IJCH = 127) Me; 
cyclohexadiene)]PF 6 (138) 16.8 (q, IJCH = 129) Me 58.2 (dd,lJCH = 147, e xo 
IJCH endo = 60.5) Cl, 3 , S; 
59.0 (d,lJCH = 62 . 6) C2,,+,6 
-95 99.3 ( s) CMei 21. 6 (br) Me; 30.0 C 6 i 40.5 
16.9 (q, IJCH = 129) Me (t) C 5 i 44.4 CI; 61.1 C I; ; 80.8 
(d,lJCH = 166) C 3 i 86.4 ( s) C z 
Complex 
[RuH(HMB) (1,5 - COO) ]PF 6 (142e) 
[RuH(CH 3Me 3 ) (1 ,5-C OO) ]PF 6 (142b) 
[RuH(C 6H6 ) (1,5-COO)]PF 6 (142a) 
[R~H(HMB) ( n4 -2,3-dimethy1butadiene)]PF 6 
(118e) 
[RuH(C 6H 3Me1 (2 , 3-dimethy1butadiene)] 
PF6 (l18b) 
T 
°c 
- 30 
25 
-30 
25 
25 
Arene Resonanees(8) 
109.1 CMei 16.8 Me 
95.9 (d,lJCH = 172) CHi 
114 .0 (s) CMe i 19. 5 
(q, IJCH = 129) Me 
96.9 CH 
99.2 (s) CMe i 16.8 
( q , 1 J C H = 129) Me 
92 . 8 CHi 104 . 0 CM e i 
19.9 Me 
Other Resonances (8) 
78.6,70.5 Cl, 6 ,C Z , S i 31.6, 
31. 2 CH z 
76.4 (d,lJCH = 164), 68.1 
(d,lJCH = 154) Clt6,Cz, s i 
31.5 (t,lJCH = 129),32.1 
(t, .lJCH = 117) CH z 
74.1,68.2 Cl,6,CZ, S i 32.1, 
31.1 CH z 
90.4 (s) C Zr3 i 25.5 (d,lJCH = 
68.4) e . C 1 , 4 1 _ 17.9 (q, J CH -
129) Me 
86.3 C z , 3 i 26.1 Cl ,4 e .; 
19.1 Me 
m 
OJ 
Complex 
[RuH (C 5H5) (2 I 3 - dimethylbutadiene) ] PF 5 
(118a) 
T 
°c 
25 
Arene Resonances ( 0 ) 
87 . 5 CH 
(a) Recorded at 15.04 MHz in CD 2C1 2 . Chemical shifts( o ) in ppm 
downfield from TMS . Coupling constants(J) in Hz . 
(b) Carbon atoms numbered as in structural formulae . 
(c) See reference 134. 
(d) Measured at 67 . 5 MHz . 
o (e) Resonance collapses at -95 C . 
Other Resonances(o) 
93 . 8 C 2 1 3 ; 25 . 2 Cl / 4 e .; 
20 . 1 Me 
m 
~ 
70. 
~ H IH-R0\ 
H 
arene 
121 122 
Both the solid-state and solution IR spectra 
of the ruthenium complexes 118a-c show no bands corresponding 
to v(Ru-H) in the range 1600-2200cm- 1 • It should be noted, 
however, that M-H absorptions are sometimes very weak or 
110 
not observed . The IR spectrum of 118c in nujol shows 
a weak band at 1565cm- 1 which does not appear ' in the IR 
spectrum of either the zerovalent complex Ru(HMB) (2,3-
dimethylbutadiene) or [Ru(HMB) (l,1,2-trimethylallyl) (CO) jPF G 
(143c) (see Section 2 . 7) . This band could be due to a 
modified Ru-H stretching vibrat ion. 
III An X-ray diffraction study of the butad iene 
complex [RuH( n 4 -butadiene) (PMe zPh) 3jPF G (123) failed to 
show conclusively that this complex had a diene-hydride 
structure as the hydride proton was not located and the 
butadiene carbon atoms were not well defined due to disorder. 
The complex, 123 , is fluxional in solution but no variable 
III 
temperature NMR data were reported. 
123 
71. 
The acyclic diene complexes Ru(HMB) (n4 -diene) 
(diene = isoprene,2-methylpenta-l,3-diene,3-methylpenta-
1,3-diene) react with HPF G to give the yellow complexes, 
[RuH(HMB) (diene) jPF G, analogous to the 2,3-dimethylbutadiene 
complexes l18a-c. The complexes [RuH(HMB) (diene)jPFG 
(124 diene = isoprene, 127 diene = 2-methylpenta-l,3-diene, 130 
= 3-methylpenta-l,3-diene) are air -sensitive solids which 
decompose slowly in solution even under nitrogen. No 
satisfactory analytical data could be obtained for these 
complexes as they could not be recrystallized due to 
decomposition. They can, however, be characterized by the 
preparation of stable n 3 -allyl derivatives from their 
reaction with carbon monoxide. (Section 2.7). Each of 
the complexes is fluxional in solution undergoing an 
exchange process, similar to that observed for the 
2 ,3-dimethylbutadiene complexes l18a-c, involving the 
rapid migration (on the NMR timescale) of the hydrido 
proton between the metal and the diene. 
The IH NMR spectrum, at room temperature, of 
the isoprene complex 124 shows a five -proton multiplet 
at 0-1.53 owing to the equilibration of the four diene 
protons Hl , 2 , 4 , 5 and the hydride proton (Scheme 2.5). 
H 3 appears as a one-proton multiplet at 05.01 while 
singlets are observed for the methyl group of the dieDe 
and the arene methyl groups . As the temperature is lowered 
72. 
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Scheme 2.5 Protonation of Ru (EMB) (isoprene) 
the five-proton multiplet collapses but no low temperature 
limiting spectrum could be obtained. At -95 0 C in CC2C12 
a very broad peak beg ins to appear at 0-10.4 which may 
corr spond to the Ru-H proton. The equilibration of all 
five protons HI I H 21 H41 Hs and Ru-H requires that the 
f luxional pr oc ss involves both of the isomeric allyl 
intermediates 125 and 126 (Scheme 2 . 5). 
73. 
The IH NMR spectrum of the 2-methylpenta-l , 3-diene 
complex 127 at room temperature s hows a singlet (02 . 03) 
for the methyl group , MeA; a multiplet (64 . 43) for H3 and 
a multiplet (61 . 30) for MeB. A very broad resonance is 
observed at 0-3 . 0 which is probably due to the other diene 
protons (HI , H2 , H4) and Ru-H . At lower temperatures, the 
resonance at 6-3 . 0 disappears , the peaks due to H3 and MeB 
change in multiplicity from multiplets to doublets and new 
resonances begin to appear. At - 95 0 C the spectrum is still 
very broad but new multiplets are observed at 0-11 . 24 , 
-1.52 , 0.30 and 0 . 98 which may be assigned to Ru - H, HI or 4, 
HI or 4 and H2 respectively . This spectrum appears to be 
consistent with the diene-hydride structure 127 . The 
fluxional process (Scheme 2 . 6) is thought to involve both 
of the isomeric allyl inter~ediates 128 and 129 (Scheme 2.6) 
because the resonances due to H3 and MeB appear in the room 
temperature spectrum as muJ.tiplets . 
74. 
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Scheme 2 . 6 Protonation of Ru(HMB) (2-methylpenta - l,3-diene) 
The IH NMR spectrum of the 3-methylpenta-l,3-diene 
complex 130 at room temperature shows only two singlets, 
one due to the arene methyl protons and the other to one 
of the methyl groups of the diene. No resonances are 
observed for the olefinic protons . On cooling to -9S oC 
broad resonances begin to appear which are due to the 
remaining methyl and olefinic protons of the diene but no 
limiting sp ctrum was attainable . It seems likely that 
75 . 
t h e complex 130 undergoes similar fluxional behaviour 
to the other acyclic diene compl exes 118a- c , 124 and 127 
(Scheme 2 . 7) . 
~ K /It "2 ( I ~ Mea 
Ru HPF6 +RuH ~ +Ru ~ 
~ 
130 
1~ 
ff\-
+Ru 
Scheme 2 . 7 Protonation of Ru(HMB) (3-methylpenta-l , 3-diene) 
2 . 4 Protona tion of Ru (arene) (l , 3 -cyclohexadiene) 
The protonation of RU(fl6_C6H Gl (1-4 - fl-C6He) (89) 
and Ru(I-L/'1B) (1-4 - fl -C 6He ) (~)86 with HPF6 gives pale yellow 
salts of empir ical formula [Ru(arene) (C6H9) ]PF 6 (131a , arene = 
C 6 H6 ; 131b , arene = C6Me 6) which have temperature - dependent 
IH NMR spectra . The hexamethylbenzene complex 94 can also 
76. 
be protonated with HBF4 or BF3/H20 with similar results . 
The zerovalent complex ~ is read ily regenerated from 
131b by treatment with aqueous sodium carbonate . 
arene 
Ru (5 
131 (a) arene 
are ne 
+Ru 
6 
132 
The IH NMR spectrum of the benzene complex 131a 
at room temperature (Figure 2 . 2 , Table 2 . 5) exhibits 
three resonances at 8 5.80 (s,6H,C 6 ~6 ) ' 3 . 22 (m,6H) and 
-7. . 94 (m,3H) . At lower temperatures the two multiplets 
o 
collapse so that at -60 C the spectrum shows only the 
singlet due to the benzene protons. This resonance is 
unaffected by temperature. At -95 0 C the spectrum shows 
four new resonances at 85 . 56 (m,2H), 3.53 (m,2H), 1 . 26 
(m,4H) and -11 . 05 (m,lH) which can be assigned to HZ,3 , 
the methylene protons and Ru-H respectively of 
the hydrido-diene complex 131a. The room temperature 
spectrum can be explained by the exchange process shown 
in Scheme 2 . 8 which involves the reversible transfer of 
the hydride proton of 131a from the metal to the cyclo-
hexadiene to give the sixteen-electron n3-allyl intermediate 
132 . If the exchange is sufficiently rapid then three 
6 4 
"'-0 
77. 
2 -2 -3 
Figure 2.2 Variable temperature IH NMR spectra of 
(13la) . 
78. 
protons will be equilibrated between the endo -methylene 
and ruthenium-hydride environments, thus accounting for 
the three-proton multiplet at 8-2.94. The six-proton 
multiplet at 83.22 arises from the resulting equilibration 
of the six protons which remain permanently attached to 
the cyclohexadiene 
86 131b undergoes a 
ring. The hexamethylbenzene complex 
similar exchange process but the 
exchange is more rapid . At -95 0 C the IH NMR spectrum 
shows only the arene methyl resonance. At -120 oC in CHF 2 Cl 
the spectrum shows a broad resonance at 8-11.03 which can 
be assigned to the hydride proton but no limiting spectrum 
could be obtained. 
In agreement with the IH NMR data, the proton-
decoupled 1 3C NMR spectrum of the benzene complex 131a 
at room temperature shows a single resonance at 849 .6 
for the six carbon atoms of the cyclohexadiene ring. These 
carbon atoms are equilibrated by the exchange process 
(Scheme 2.8) . In the proton-coupled 1 3C NMR spectrum 
this resonance is a doublet of doublets indicating that 
the carbon nuclei are coupled to two groups of equivalent 
protons . The averaged coupling to Ru-H, Hs e nd~ and H6end o 
is 47.7 li z while the averaged coupling to the remaining 
protons is 165.2 Hz . At -60 oC, this resonance collapses 
and , at -95 0 C, three new resonances appear at 877 .5, 46.8 
and 23 .8 which can be assigned to C2 ' 3; C1 ,4 and C S ,6 of 
the cyclohexadiene ring. The resonance at 846.8 is still 
79. 
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Scheme 2.8 Fluxional behaviour of [RuH (arene) (1,3-
cyclohexadiene)]PF6 (13la) 
o broad at -95 C and appears as a doublet of doublets in 
the proton-coupled 1 3 C NMR spectrum indicating that the 
exchange is still proceeding although more slowly than 
at room temperature. The proton-decoupled 13 C NMR spectrum 
of the hexamethylbenzene complex l3lb also shows a single 
resonance for the six cyclohexadiene carbon atoms at room 
temperature. o At -95 C, the spectrum shows only slight 
broadening of this resonanc e . 
80. 
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Figure 2.3 Variable temperature 1 3 C NMR spectra of 
[RuH{ nG-CGHGl (l,3-cyclohexadiene) ]PF G (13la) 
81. 
Both the low temperature lH and 13C NMR spectra 
of l31a are consistent with the assumption that the diene-
hydride complex 13la is the predominant species in solution 
o 
at -95 C. This result is similar to that obtained for the 
protonation of the isoelectronic complex Rh(ns-CsHs) (1-4- n-
CGHa) (75) (Scheme 1.5) .67 The complex [Rh(ns-CsHs) (C GH9 ) J+ 
(77), the product of protonation of ~, gives a similar lH 
NMR spectrum to that of the ruthenium complexes l31a-b at 
room temperature but only slight broadening of the spectrum 
o 
occurs at -50 C . However , the analogous iridium complex 
[IrH(ns-CsH s ) (l,3-cyclohexadiene)]+ gives a spectrum 
o 
consistent with the diene-hydride structure at -20 C. This 
spectrum is similar to that obtained for the ruthenium 
complex 131a at -95 0 C. The complex , IrH(1,5-cyclooctadiene) 
(l- 4-n-C GHa ) (~) also exhibits similar fluxional behaviour 
68 0 to that of the ruthenium complex 131a (eq. 1.5). At -70 C 
the lH and 1 3C NMR spectra of 78 are consistent with the 
hydrido-diene formulation and are similar to the spectra 
of [RuH(1l 6-C GHd (C 6Ha ) ]PF G (l3la) at -95 0 C. In contrast 
to these results FeL 3 (l- 4-n-cyclohexadiene) (L = CO,P(OMe) 3) 
is protonated to give the bridging-hydride complexes ~ 
8 55 (L = CO , P(OMe ) 3) (Scheme 1.4),' as evidenced by low 
temp ratur e lH and 1 3C NMR spectra. These spectra show 
the asymmetry introduced into the molecule by the presence 
of the C-H-Fe bond. Thus the 13C NMR spectrum of 
[Fe(CO) 3 (C 6Hg)]+ (55, L = CO) (Scheme 1.4) at -80 oC shows 
82. 
six cyclohexadiene carbon resonances . o At 25 C , the 
s pectrum shows four carbon resonances c orresponding 
to C1 ;s , C 2 ' ~ ' C 3 and CG • The equilibration of C1 and Cs 
is the result of the exchange process shown in Scheme 1.4 
which involves the breaking of the Fe-H bond . In contrast 
to the fluxional process observed for the ruthenium 
complexes 131a~, the exchange process observed for the 
iron complexes ~ (L = CO , P(OMe)3) does not involve a 
hydrido-die ne species. 8 , 55 Such a species is essential 
in the ruthenium system to explain the observed 
equilipration of all of the cyclohexadiene carbon atoms . 
The complex , Mn (CO) 3 (C GH9 ) (59), also adopts a 
bridging-hydride structure at _99 0 C. 59 The IH and 13 C 
o NMR spectra at -99 C and an X-ray structure determination 
support the assignment of this structure. The 13 C NMR 
spectrum of 59 illustrates the expected asymmetry of the 
mo lecul e , showing six carbon resonances for the cyclo-
hexadiene carbon atoms and a IJ value of 83 Hz . 59 CIHI 
This complex (~) undergoes a fluxional process, eq . 1 . 2, 
involving Mn-H bond breaking at temperatures greater than 
At temperatures above 50 0 C this process is coupled 
with a slower exchange , eq. 1 . 3, involving C-H bond 
breaking with the result that all six cyclohexadiene 
b ' I ' b d 59 car on atoms are equl 1 rate . For the ruthenium 
complexes 131a ,b C-H bond breaking occurs at much lower 
temperatures and an intermediate exchange involving a 
bridging -hydride spec ies similar to 59 is not observed . 
83. 
When Ru(HMB) (1 - 4-n-C 6Ha) (94) is treated with 
BF3/D20 the IH NMR spectrum of the resulting salt, 
+ -[Ru(HMB) (C 6HaD)] (BF 30D) shows that the relative 
intensity of the high-field multiplet, assigned to the 
endo -methylene protons and Ru-H, has been reduced from 
three to two. It seems likely that protonation of the 
cyclohexadiene complexes ~ and ~ proceeds by initial 
attack of the proton at the metal centre followed by 
reversible endo -addition to the ring . 
The complexes , 131a and 131b show no band assignable 
to v (Ru-H) in their IR spectra in the range 1600-2500 cm- 1 , 
e ither in the solid state or in solution. The solid state 
o 
spectrum of the hexamethylbenzene complex 131b at - 80 C 
also does not show a v (Ru-H) band. The complexes, 
[M(n s -C sHs ) (C 6H9)]+ (M = Rh,Ir) , also show no v( M-H) band 
in their IR spectra,67 however IrH(1,2:5,6-n-cyclooctadiene) 
(1- 4- n-cyclo hexadiene ) (78) shows a v (Ir-H) band at 2010 cm- 1 • 68 
It is, thus , not possible to determine from the available 
data whethe r the complexes 13la and l3lb have a diene-
hydride structure in the solid state. Attempts to grow 
single crystals of these complexes suitable for an X-ray 
diffraction study were unsuccessful. 
84. 
2.S Protonation of Ru(HMB) (substituted cyclohexa-l,3-diene) 
Like the unsubstituted cyclohexa-l,3-diene complexes, 
substituted complexes Ru(HMB) (S-ethylcyclohexa-l,3-diene) 
(110) and Ru(HMB) (1,3,S-trimethylcyclohexa-l,3-diene) (l09) 
are protonated by HPF6 to give yellow crystalline complexes 
of empirical formula/ [Ru(HMB) (CeH13)]PF,6 (133) and 
[Ru(HMB) (C 9 H1S )]PF 6 (138) respectively. Both complexes 
are air-stable solids which decompose slowly in solution, 
even in the absence of air. Both 133 and 138 exhibit 
fluxional behaviour in solution as shown by their 
variable temperature IH and 1 3C NMR spectra. 
The variable temperature 1 3C NMR spectra of 133 
are illustrated in Figure 2.4. At -9SoC the spectrum of 
133 shows two resonances due to the arene carbon atoms 
and two due to the carbon atoms of the ethyl group. The 
remaining six resonances are attributable to the cyclo-
hexadiene carbon atoms. Three conceivable structures for 
the complex in solution at -9SoC are the diene-hydride 
, , 
structure 133 and the bridging-hydride structures 133 
, , 
and 133 
133 133' 133' , 
Figure 2 . 4 
100 
85. 
50 
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Variable temperature 13C NMR spectra of 
[ RuH(HMB) (S-ethylcyclohexa-l,3-diene)] PF 6 (133) 
86. 
Assuming the diene-hydride structure 133 for the 
complex, the \3C NMR spectrum can be assigned as ~ollows: 
080.4 (C 2 ' d , J CH = 172 Hz) , 75.5 (C 3 ,d,JCH = 178 Hz) , 64.5 
(C 4 ,d,JCH = 144 Hz) , 37 .0 (Cs,d,JCH = 129 Hz) , 31. 5 (C 1 , 
broad d), 26 .1 5 (C 6,t,JCH = 130 Hz) . The 
\ 3 C NMR spectrum 
1-4-n-diene ccmplex is expected to show four diene carbon 
resonances. The inner diene carbon resonances occur 
about 080 while the outer diene carbon resonances occur 
about 050_60 . 102 ,105 Thus the 1 3C NMR spectrum of 
IrH (1, 5-cyclooctadiene) (5-ethylcyc lohexa-l ,3-d iene) (13 4 ) 
shows lnner diene carbon resonances at 086.9 and 85.0 and 
68 outer diene c a rbon resonances at 053.4 and 45.1. 
134 135 
In the 1 3 C NMR spectrum of 133 at -95 0 C the chemical 
shift of C\ is to higher field than that expected for a 
1 - 4-n-diene complex. This unusual chemical shift of C\ 
suggests that there may be some interaction between the 
hydride proton and C\ as in the bridging-hydride structures 
133' and 133' '. The r e sonance due to Cl is not, however, 
as far upfield as the corresponding resonances in the 13C 
NMR sp ctra o f Mn(CO) 3 (C GH9 ) (59) (013.6)59 and 
[Fe(P(OMe) 3 h(C 6H9 )]BPh 4 (55, L = P(OMe)3) (013.7).55 This 
of a 
87. 
suggests that any interaction between C I and the hydride 
proton is less in the ruthenium complex 133 than in the 
complexes 55 and 59. A major piece of evidence for the 
existence of bridging-hydride structures such as 55 and 59 
is the value of the 1 3C_IH coupling constant between CI 
55 59 
and the bridging-hydride proton.' For Mn(CO)3 (C6H9) 
(~), IJC1H has a value of 83 Hz 59 and for [Fe(P(OMe)3)3 
(C7HII )]BPh4 (56) IJCIH has a value of 80 Hz.
55 In the 
I 3 proton-coupled C NMR spectrum of the ruthenium complex 
133 at -95 0 C the resonance at 031.5 is a broad doublet. 
This result means that a definite assignment of the structure 
of 133 is not possible. Assuming the complex has the diene-
hydride structure 133 then the IH NMR spectrum at -95 0 C 
(Table 2.5), which is still broad , can be assigned as 
follows . The triplet at 0 5.11 is due to Hz , the multiplets 
at 04 .7 5 and 3.19 are due to H3 and HI respectively while 
I 
the ethyl protons, the methylene protons (Hi,6 ) and Hs 
appear as a complex multiplet between 00.60 and 1.20. The 
resonance at 0-11.4 is assigned to the hydride proton. 
At temperatures above -95 0 C, the resonances in the 
1 3C NMR spectrum of 133 due to CI and C3 coalesce to give 
a r e sonance a t 0 62 . 5 while those due to C4 and C6 coalesce 
to give a resonance at 042.1 . The resonances due to Cz and 
Cs remain relatively unaffected . At room temperature the 
IH NMR spectrum shows a two-proton multiplet at 0-5.31 due 
to RuH and H6 , a triplet at 00 .83 and a multiplet at 01 . 06 
88. 
due to the ethyl protons,' two mul tip lets at 02.07- and 
3 . 90 due to H41 H 6 ' and H 3 fHl respectively and a triplet 
at 04 . 92 due to H2 • These results may be explained by the 
fluxional process described in Scheme 2.9. At -9S oC the 
diene-hydride species 133 could be the predominant species 
in solution. At higher temperatures a rapid equilibrium 
between the diene-hydride species 133 and the allyl 
speci es 136 and 137 ensues via bridging-hydride species (e.g. 
133' and 133' '). The equilibrium is the result of the 
reversible transfer of the hydride proton between ruthenium HRUQ ~ Ru-Q ~ 
Ru 
d/' 137 
136 RuH Ru 
Sc h eme 2 . 9 Fluxional behaviour of [RuH(HMB) (S-ethylcyclo-
hexa-l f 3-diene)]PF 6 (133) 
and the cyclohexadiene ligand . The exc hange results in an 
appar nt mirror plane through C2f C s and the ethyl group. 
As a result of the exchange the hydride proton and the endo -
methylene proton h 6 become equiva lent. The proton-coupled 
1 3 C NMR spectrum shows that these two protons spend some 
time on each of the four carbon atoms Cl f3 and C4f6f since 
89. 
the resonances due to these carbon atoms appear as 
d oublets of doublets ( IJC = 19 . 5 Hz , IJ . = 1 , 3 Hx , 6 C 6 , "4 Hx , 6 
87 . 9 Hz). The ethyl-substituted carbon atom , CS, is not 
involved in the exchange . This suggests that there is no 
endo proton attached to CS i.e . the ethyl group is endo . 
The exchange is essentially similar to that observed for 
the unsubsti tuted cyclohexadiene complexes [RuH (arene) (1-4-n-
C 6 Ha)] PF 6 except that the exchange is unable to proceed 
over all carbo n atoms and that there may be some interaction 
betw8en CI and the hydride proton in the p:eferred structure 
o 
at -95 C. The exchange observed for 133 is also analogous 
to that shown by IrH(1,5-cyclooctadiene) (5-ethylcyclohexa-
1,3-diene) (134)68 although in the latter case the 
possibility of some interaction bet~een CI and the hydride 
proton was not considered . 
As in the case of the unsubstituted cyclohexadiene 
complexes 131a, e., no v (Ru -H) band is observ.ed in either 
the solid-state or the solution IR spectra of 133 in the 
range 1600-2500 -I em Although good quality crystals of 
133 . can b e grown from dichloromethane/ hexane, an X-ray 
diffraction study failed to reveal the structure owing 
to disord er in the cyclohexadiene carbon atoms . 112 
The trimethylcyclohexadiene complex 138 is also 
fluxional (Sch eme 2.10) . The complex undergoes a migration 
of the hydrido proton between metal and ligand similar to 
90. 
t hat observed for the unsubstituted cyclohexadiene 
complexes [RuH (arene) (1-4-1l-C6Ha) ] PF6 (Scheme 2 . 8) . 
Scheme 2.10 Fluxional behaviour of [RuH(HMB) (1,3,5-
~rimethylcyclohexa-l,3-diene)]PF6 (138) 
The exchange results in the equilibration of the three 
unsubstituted cyclohexadiene ring carbon atoms Cl, C3 and 
Cs , the equilibration of the methyl-substituted carbon 
atoms C2 , C4 and C6 , and the equilibration of the three 
methyl carbon atoms. The It NMR spectrum at 25 0 C shows 
three resonances due to the cyclohexadiene ligand at 058 . 2, 
59.0 and 21.2 which can be assigned to Cl, 3,5; C2 , 4,6 and 
the methyl carbon atoms of the cyclohexadiene respectively. 
The proton-coupled I 3C NMR spectrum shows the resonance 
due to CI , 3 , 5 ( 058.2) as a doublet of doublets with an 
average coupling of 146 . 5 Hz to HI , H3 and Hs exo which 
91. 
remain fixed to their respective carbon atom during the 
exchange and an average coupling of 60.5 Hz to Hsen do , H6 
and the hydrido proton. 
138 138' 
The IH NMR spectrum of 138 at 25 0 e appears to show 
an intermediate position in the exchange at which HI, H3 
and Hsex o ; Hs endo , H6 and Ru-H have not been completely 
equilibrated. The spectrum shows two multiplets (02.66, 
-2 . 84) each corresponding to two protons. The signals 
due to the remaining protons could not be located. At 
higher temperatures decomposition of the complex occurs. 
At oOe a second high-field resonance appears at 0-5.56. 
This n e w resonance is about one third of the intensity 
of the r sonance at 0 -2.84. The appearanoe of this 
resonance may indicate that one of the possible allyl 
intermediates 139 or 140 could be preferred . If complete 
- - --
exchange of Hsendo , H6 and Ru-H over all possible sites 
is responsible for the high-field multiplet at 0-2.84, then 
92. 
the second peak could correspond, for example, to- those 
protons being equilibrated over only those sites achievable 
through the allyl intermediate 139 which is formed by 
proton addition to an unsubstituted carbon atom. On further 
cooling both high-field multiplets, the multiplet at 02.66 
and the broad methyl peak collapse but a limiting spectrum 
was not achieved at the lowest accessible temperature (-9S oC). 
139 140 
When the 13 C NMR spectrum is obtained at temperatures 
below 2S oC the three cyclohexadiene resonances collapse. 
At -9S oC, six new resonances are observed at 086.4, 80.8, 
61.1, 44.4, 40.S and 30 .1 which can be assigned to C2, C3, 
C 4 , C l, C G and C s respectively if the diene-hydride structure 
138 is assumed . The proton-coupled 13 C NMR spectrum at 
-9S oC was impossible to interpret due to the presence of 
overlapping pea ks. Thus , it was not possible to determine 
if any _bridg ing -hydride interaction such as in structure 
138 I is pres nt. 
93. 
In dichloromethane solution, the IR spectrum of 138 
shows a medium intensity band at 2300 cm- 1 ; this baDd 
could not be observed in nujol mull spectra. The frequency 
1 113 is c a 300-400 cm- hig her than 1S usua l for v (Ru-H) , and 
it is possible that the band is due to v~-H) modified by 
interaction with ruthenium. An attempted X-ray diffraction 
study of the complex was unsuccessful, again owing to 
disorder in the cyclohexadiene carbon atoms. 114 
2.6 Protonation of Ru(arene) (l,5-cyclooctadiene) 
Unstable , pale yellow salts [RuH(arene) (1,2:5,6-11-
cyclooctadiene) ]PF 6 (142a, arene = C6H6; 142b, arene = 
C6H3Me 3 ; 142c, arene = C6Me 6 ) are obtained by the addition 
of HPF 6 to the zerovalent ruthenium complexes Ru(arene) (1,2: 
.. 
142 (a) arene 
95 ar e ne (c) arene 
The stability of the complexes decreases in the order 
hexamethylbe nz e ne and mesitylene complexes show weak 
absorptions at 2050 and 2080 cm- 1 respectively assignable 
94. 
to v(Ru-H). No such band is observed in the spectrum of 
the benzene complex. The IH and 13C NMR spectral data for 
the complexes are given in Tables 2.5 and 2.6 respectively. 
The IH NMR spectrum of the mesitylene complex 142b (Figure 
2.5) at 27 0 C shows a one-pro.ton hydride resonance at 0-6.08 
as well as multiplets at 04.05 and 3.52 due to the olefinic 
protons and a complex multiplet at 01.8-2.6 due to the 
methylene protons. The spectrum is unchanged at -95 0 C. 
At -9 50 C the benzene complex 142a shows a similar spectrum 
(Ru-H 0-5.30, olefinic protons 04.67, 3.71), but at room 
temperature rapid decomposition occurs. The IH NMR spectrum 
of the hexamethylbenzene complex 142c is exchange-broadened 
at room temperature but shows a hydride resonance at 0-6.32, 
multiplets due to the olefinic protons at 03.35 and 3.17 
and a complex multiplet at 01.5-2.6 due to the methylene 
protons . At higher temperatures rapid decomposition 
occurs . At lower temperatures some sharpening of the 
cyclooctadiene resonances occurs. These results appear 
consistent with a diene-hydride structure 142 for the complexes. 
Protonation at the metal atom has also been reported for 
Ir(ns-CsHs)(l,2 :5,6- n-CaH 1 2) (84).69 For 84 isomerization 
of the 1,5-cyclooctadiene ligand to 1,3-cyclooctadiene is 
thoug ht to occur on protonation. The IH NMR spectra of 
the ruth nium complexes 142a-c are consistent with the 
presence of e ither 1,5- or 1,3-cyclooctadiene. The 13C 
NMR spectrum of the mesitylene complex 142b shows four cyclo-
octadienc r sonances at 076.4 (d,JCH = 164 Hz), 68.1 (d,JCH = 
154 Hz), 32.1 (t,JCH = 117 Hz) and 31.5 (t,JCH = 129 Hz). The 
95. 
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Figure 2 . 5 lH NMR spectrum of [RuH(C 6HJMe J) (1,5-
cyc1ooctadiene) ]PF 6 (l42b) 
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chemical shifts of the two olefinic carbon atoms appear 
to be more consistent with a 1,5-cyclooctadiene ligand 
than a 1,3-diene. In the latter case the difference in 
chemical shift between the inner and outer diene carbon 
atoms would be expected to be greater than 8 ppm CE. 
Fe (P (OMe) 3) 3 (1, 3-cyclooctadiene), the 1 3C NMR spectrum 
of which shows resonances at 086.2 and 50:7 corresponding 
to the inner and outer diene carbon atoms. 115 
When Ru(HMB) (1,5-cyclooctadiene) (95) reacts with 
DP~, one deuterium atom is incorporated into the resulting 
salt. The 1H NMR spectrum shows that the high-field 
resonance has been reduced in intensity. The presence of 
this residual high-field 1H NMR resonance and of a residual 
-1 
v (Ru-H) band at 2050 cm in the IR spectrum suggests that 
scrambling of the deuterium has occurra:l (Scheme 2.11). This 
• 
+RuH Ru 
o 
o 0 
Scheme 2.11 Reactions of Ru(HMB) (1,5-cyclooctadiene) 
97. 
was confirmed by the 2H NMR spectrum which shows two broad 
peak s at 82 . 2 and -6 . 4 indicating deuterium incorporation 
into the methylene positions of the cyclooctadiene. When 
142c reacts with base in aqueous solution the complex 
Ru(HMB) (l,5-cyclooctadiene) is regenerated . . When sodium 
carbonate/ D20 is used, up to four deuterium atoms are 
incorporated into the methylene positions of the diene, 
as shown b y mass spectrometry and IH NMR spectroscopy . 
These r e sults suggest that the complex is undergoing a 
slow exchange process (Scheme 2 . 12) involving reversible 
transfer of the hydrido proton between metal and ligand . 
o 
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Scheme 2 . 12 Proposed slow exchange process for [RuH(arene) 
(l,5-cyclooctadiene)]PF 6 (l42a-c) 
This causes scrambling of the endo -methylene protons similar 
to that observed for [Ru(arene) (C 6 H9 ) ]PF 6 (131). A similar 
slow exchange and deute~ium scrambling has been observed 
for [IrH( ns -C s Hs ) (1- 4-n-C eH 1 2) ]PF 6 (85)69 and for 
(Fe((P(OM ) 3)dC oHI 3)]BPh 4 (50) . 55 This exchange may be 
98 . 
. responsible for the broadening observed in the IH HMR 
spectrum of the hexamethylbe nzene complex 142c. Fluxional 
ruthe nium hydrido-cyclooctadie ne complexes [RuH(l,2:S,6- n -
C s H] 2 )L 3 ]PF 6 (L = PMe 3 ,PMe 2Ph,P( OMe ) 3 ) have been prepared 
111 but no variable-temperature NMR data were reported. 
The s e r e sults suggest that the protonation of Ru(arene) 
(l,S-cyclooctadiene) proceeds to give the hydrido 1,S-cyclo-
octadiene complexes 142a-c. Other hydrido-cyclooctadiene 
ruthenium complexes known include [RuHC1(l,S-cyclooctadiene) 
(pipe ridine) 2 ]116 and [RuH(l,S-cyclooctadiene) (NM e2 NH 2 ) 3 ]PF 6 ,117 
the structure s of which have been confirmed by X-ray diffraction 
studie s. This result is in contrast to the protonation of 
Rh( ns -C s Hs ) (l,S-cyclooctadiene) (Scheme 1.6) which gives 
a , TI spe ci e s. 69 No evid e nce is observed for a bridging-
hydride spe cies analogous to [Fe(P(OMe) 3) 3 (C S H1 3 )]BPh 4 (SO). 
2.7 Ar e n e -Ruthe nium n 3-Allyl Complexes 
The rap id r e versible mig ration of the hydride proton 
be tween me tal and lig and observed for [RuH(arene) (n 4-diene)]PF 6 
c ompl e x e s, which must involve coordinatively unsaturated 
sixtee n- e l ec tro n s peci e s [Ru(arene) (n 3-allyl)]+ as transient 
inte rm edi a t es , suggeste d that static, eighteen-electron 
n 3-allyl c omplexe s c o uld be obtained by reaction of these 
comple xes with pote ntial ligands. Similar behaviour has 
b e en obse rve d for [ Fe (P(OMe ) 3 ) 3 (butenyl)]BPh4 (51), which 
reacts with carbon monoxide or tert-butylisonitrile, but 
99 . 
. n ot trimethylphosphite , to give n3- ally l complexes , 
[ Fe (P (OMe ) 3) 3L ( n3 - C4H7 ) ]BP h 4 (L = 'CO , t - BuNC ) . 55 
As e xpe cted , the reaction of [RuH(arene) ( n 4- diene)]PF 6 
(diene = substituted butadiene , cyclohe xadiene , 5- ethyl-
cyclohexadiene and cyclooctadiene) with carb on monoxide , 
te rt-butylisonitrile or trimeth ylphosphite (L) gives the 
whi te or pale yellow , stable , cry s talline complexes 
[Ru (arene) ( n 3-alke nyl)L]PF 6 . The analytical , lH NMR and 
1 3C NMR data for these complexes are given in Tab les 2 . 2, 
2.7 - 2 . B and 2 . 9 respectively . 
Th e 2,3-dimethylbutadiene complexes llBa-c react 
with carbon monox ide to give the expected 1 , 1 , 2 - trimethyl -
a llyl complexes 14 3a-c . 
Ij\ }i3 
L Me Y1H2 
+RuH > 1 RuL 
I I 
arene arene 
143 L = CO (a) arene = C6H6 
( b) arene C6H3Me 3 
(c) arene = C6Me 6 
144 L = t - BuNC arene = C6Me 6 
TABLE 2.7 
IH NMR Dataa,b of [Ru( n 6 -ar ene) (n 3-alkenyl)L]PF 6 Complexes 
Complex Chemical Shifts( 8 ) 
Arene Resonances Other 
[RU( n6 -C 6 H6 ) (n 3- 1 ,l,2-trimethylallyl) 6.38 (s,6H) CH 1.38 (s,3H) Mel; 2 .05 (s,3H), 2.11 
(CO) ]PF 6 (143a) (s,3H) Me2,Me3; 2.38 (d , J12 = 2.5,lH) Hl ; 
3.88 (d,lH) H2 
[Ru( n6 -C 6H3Me 3 ) ( n 3-1 , l,2-trimethylallyl) 5.97 (s,3H) CHi 1.34 (s,3H) Mel; 1.87 (s,3H), 2.06 
(CO) ]PF 6 (143b) 2. 38 (s, 9 H) Me (s,3H) Me2,Me3; 2.52 (d,Jl2 = 3,lH) Hl; 
3.31 (d,lH) H2 
[Ru (HMB) ( n 3 -1,1, 2-trimethylallyl) 2.31 (s,18H) Me 1.23 (s,3H) Mel; 1.68 (s,3H), 1.87 
(CO) ]PF 6 (143c) (s,3H) Me2,Me3; 2.30 (d,J12 3,lH) HI; 
2 • 90 (d , lH) H 2 
[Ru(HMB) ( n 3 -1,l,2-trimethylallyl) 2.38 (s,18H) Me 1.19 (s,3H) Mel; 1.74 (s,3H), 1.96 (s,3H) 
( t - BuNC) ] PF 6 ( 14 4 ) Me 2 ,Me3; 1.64 (s,9H) !.-Bu; 2.08 (d,J12 
2.5,lH) HI; 2.83 (d,lH) H2 
~ 
Q 
o 
Complex 
[Ru(HMB) ( T)3 - 1 , 1 - dimethylallyl) (CO) ]PF 6 
(145) 
[Ru(HMB) ( T)3 - syn - l ,1,3 - trimethylallyl) 
(CO) ]PF 6 (147) 
[Ru (HMB) (T) 3 - ant i , s yn -l, 2 , 3 -tr im,ethyl -
allyl) (CO) ]PF 6 (14 S) 
Chemical Shifts( o ) 
Arene Resonances 
2 . 34 (s , lSH) Me 
2 . 29 (s,lSH) Me 
2 • 34 ( s , lS H) Me 
Other 
1. 24 (s , 3H) Mel; 1. 64 (s, 3H) Me z ; 
cHI; 2 . 79 (dd,J 1 2 = 3 , J23 = 7 ,lH) 
Hz ; 3.57 (dd,J 1 3 11. 5 , IH) H 3 
1.19 (s , 3H) Mel; 1.62 (d,J 6,3H) 
Me 3 ; 1.6S (s , 3H) Me z ; 3.05 (dq,lH) 
HI; 3.62 (d(JI 2 = 11,lH) H2 
1.19 (d , 3H,J = 7) Mel ; 1.64 (d ,J = 
7, 3H) Me 3 ; ·1. S4 (s,3H) Me 2 ; 3.1S (q, 
IH) HI; 3 . 66 (q,lH) H2 
(a) Measured at 100 MHz in CD z Cl z . Chemical shifts( o ) reported in ppm 
downfield from TMS . Multiplicities, coupling constants (J, in Hz) 
and relative intensities in parenthesis . 
(b) Protons numbered as in structu~al formulae . 
(c) Resonance probably obscured by arene methyl resonance. 
I-' 
o 
I-' 
TABLE 2.8 
lab H NMR Spectral Data ' for [Ru(arene) (cycloalkenyl)L]PF 6 Complexes 
Complex 
[Ru (HMB) (n 3 -c yc lohexenyl) (P (OMe) 3 ) ] PF 6 
(153!:» 
[Ru(HMB) (n 3 -c yclohexenyl) (~~BuNC)]PF 6 
(15 2b) 
[ Ru (HMB) (n 3 -5-ethylcycloh exenyl) 
(t - BuNC)]PF 6 (154) 
[RU(C 6H 6 ) ( n 3 -cyclohexenyl) (~-BuNC)] 
PF 6 (152 a) 
Chemical Shifts( o) 
Arene Resonances 
2 . 13 (s,l SH) Me 
2.17 (s,18H) Me 
2.20 (s,l SH) Me 
5.95 (s,6 H) CH 
Other Resonances 
1.0-2 . 1 (m,6H) CH 2 ; 3.60 (d,9 H ,Jp H = 
12 ) OMe ; 3 . 44 (t , J 1 2 = 6, lH ) H 2 ; 
3 • S 0 (m2 H ) H 1 
1.0-1.S (m,6H) CH 2 ; 1.47 (s, 9H) 
t-Bu; 3.50 (t,JI 2 = 6,lH) H2 ; 3 . 92 
(m, 2H ) Hl 
O. SO (t,3H,J 5 . 5) Me; 1. 0- 2.4 
(m, 7H) HS,C!:!.2 ; 3.53 (t,J I2 = 6.5,lH) 
H2 ; ,3.96 (m,2H) HI; 1.54 (s,9H) t-Bu 
4.94 (m,3H) HI,H 2 ; 1.1-2 . 5 (m,6H) CH 2 ; 
1.47 (s,9H) t-Bu 
t--' 
o 
N 
Complex 
[RU(C 6H6) ( 1l 3-c yclohexenyl) (P(OMe) 3)] 
c · PF 6 (153a) 
[Ru(HMB) ( 1l 3-cyclooctenyl) (CO) ]PF 6 
(155 ) 
[Ru(HMB) ( 1l 3-c yclooctenyl) (P(OMe) 3 )] 
PF 6 (157) 
[RU(HMB) (1l 3-cyclooctenyl) (t -BuNC) ]PF 6 
(15 6c) 
[Ru (C 6H3Me 3) (1l 3-c yclooctenyl) (t-
BuNC) ]PF 6 (156b) 
[RU(C 6H 6 ) (1l 3-cyclooctenyl) (!.- BuNC)] 
PF 6 (156a) 
Chemical Shifts( o ) 
Arene Resonances Other Resonances 
6.01 (s , 6H) CH 4.93 (m,3H) HI,H 2 i 1.1-2.3 (m,6 H) 
CH 2 ; 3 . 71 (d,9H,JpH 12) OMe 
2.36 (s,18H) Me 1.5 - 2 .1 (m,lOH) CH 2 i 3 . 59 (t,JI 2 = 
8,lH) H 2 i 3.98 (m,2H) HI 
2.19 (s,18H) Me 1.5-2 . 1 (m,lOH) CH 2 i 3 . 59 (t,J I2 = 
8,lH) H 2 i 3.98 (m ,2 H) Hli 3.56 (d, 
J p H = 12,9H) OMe 
2 . 18 (s,18H) Me 1.2-1.6 (m,lOH) CH 2 i 3 .28 (t,J 8,lH) 
H 2 i 3.54 (m,2H) Hli 1.4 7 (s,9H) t-Bu 
2 . 22 ( s , 9 H ) Me i 1.2- 2 .2 (m,lOH) CH 2 i 1.46 (s,9H) !.-
5.62 (s,3H) CH Bu; 3 . 83 (m,2 H) HI; 4.34 (t,J 12 = 8) H 2 
6.01 (s , 3H) CH 4. 38 (m,3H) H~J12; 1.2-2 . 4 . (m,lO H) CH 2 i 
1. 49 (s, 9 H) t - Bu 
r-' 
o 
w 
(a) Measured at 100 MHz in CD 2C1 2 . Chemical shifts( o ) in ppm downfield from TM S . Coupling constants(J) in Hz 
(b) Protons numbered as in structural formulae . 
(c) Spectrum measured at 60 MHz. 
TABLE 2.9 
13 C NMR Spectral Dataa,b of Complexes [Ru(arene) (n 3- a lkenyl)L]PF 6 
Complex 
[Ru(HMB ) (n 3-1, 1 , 2 -trimethylallyl) 
(CO) ] PF 6 (143c) 
[RU(HMB) ( n 3-1,1,2-trimethylallyl) (t-
BuNC ) ] PF 6 ( 14 4 ) 
[Ru(HMB) ( n 3- 1,1-dimethylallyl) (CO)] 
PF 6 (145) 
[Ru(HMB) (n 3- sy n -l,1,3-trimethylallyl) 
(CO) ]PF6 (147) 
[Ru (HMB) ( n 3 - anti , syn-l , 2, 3-trimethyl-
allyl)(CO)]PF 6 (148) 
Chemical Shifts( o) 
Arene Resonances 
16.8 Mei 111 . 4 CMe 
16.4 Me; 105 . 6 CMe 
16 . 8 Me; 110.2 CMe 
16 . 2 Mei 111 . 1 CMe 
16.8 Me; 110 . 8 CMe 
Other Resonances 
26 . 0, 19.0, 28 . 5 ~H 3 ; 40.7 C 3 i 73.3 
CI; 98.6 C 2 i 200.0 CO 
19 . 1, 26.1, 28.5 ~H 3 ; 30 . 7 t -Bu; 
58.4 CMe; 41.2 C 3 ; 65.4 Cl; 95 . 5 C 2 ; 
159 . 8 (br) CN 
25 . 9, 28.7 CH3; 40 . 0 C 3 ; 84 . 7 C 2 i 
c CO; c CI 
18 . 1,27 . 2, 29.1 Me; 57 . 4 C 3 i 78.4 Cli 
86.7 C 2 ; 199 . 9 CO 
d d 15 . 3, 18 . 3, 20 . 4 Me; 55 . 7, 59. 0 C I, C 3 ; 
99 . 4 C 2 ; 198 . 4 CO 
t-' 
o 
~ 
Complex 
[Ru (HMB) ( n 3 - cyclohexenyl) ( t - BuNC) jPF 6 
(152b) 
[Ru (C 6H6) ( n 3 - cyclohexeny1) (t - BuNC) jPF 6 
(152a) 
[Ru(HMB) ( n 3 - cyclohexenyl) (P(OMe) 3 ) jPF 6 
(153b)e 
[Ru (HMB) (n 3 -5 - ethylcyc1ohexeny1) 
(.!:. - EuNC) j PF 6 (154 ) 
[Ru(HMB) (n 3 -cyclooctenyl) (CO) jPF 6 
(155 ) 
Chemical Shifts( o ) 
Arene Resonances 
16 . 2 Me; 104 . 5 CMe 
72.8 (d, I J CH = 176) CH 
16 . 4 Me; 106 . 5 CMe 
15 . 8 5 (q) Me; 104. 2 (s·) 
CMe 
16.9 Me; 110 . 4 CMe 
Other Resonances 
19.3, 28 . 6 ~H 2 ; 31.0 t - Bu ; 60 . 5 C I ; 
84 . 2 C 2 , c CN, CMe 
18 . 8 (t,IJCH = 133), 27 . 8 (t,IJCH = 
133) CH 2 ; 30 . 5 (q, IJCH = 128) t-Bu; 
59 . 0 (d,IJCH = 156) CI; 78.2 (d, IJCH = 
168) C 2 ; c CN, CMe 
20 . 4, 26 . 4 (J PC = 3 . 9) C H 2 ; 57. 1 
(JpC = 7.8) OMe; 52 . 5 CI; 82 .1 C2 
11.8(q) Me; 31.05(q) .!:.- Bu ; 27.5(t), 
35 • 3 (t), 35 . 0 (t) ~ H 2 ; 58. 0 ( s ) ~~e ; 
151.1(br, .s) CNi 59 . 5(d) Cli 84 . 2(d) C2 
24.7, 28 . 7, 33 . 8 CH 2 i 68.~ Cli 86.7 C2i 
200.4 CO 
f-' 
o 
lJl 
Complex Chemical Shifts( o ) 
[Ru (C 6H6 ) ( n 3-cyclooctenyl ) (~-BuNC) ]PF 6 
(156a) 
[Ru (C 6H3Me 3 ) ( n 3-c yclooctenyl) (t-BuNC)] 
PF 6 (156b) 
[Ru (HMB) ( n 3 -c yc looctenyl) (t-BuNC) ] PF 6 
(15 6c) 
[Ru(HMB) (n 3- cyclooctenyl) (P(OMe) 3 )]PF 6 
(157) f 
Arene Resonances 
92.8 CH 
91. 4 (d, I J CH 172) CH; 
19.4 (q,IJCH = 129) Me; 
109.9 (s) CMe 
16.4 Me; 104.7 CMe 
16.6 Me; 106.7 CMe 
(a) Recorded at 15 . 04 MHz in CD 2C1 2 . Chemical shifts( o ) 
in ppm downfield from TMS. Coupling constants(J) in 
H 7. . 
(b) Carbon atoms numbered as in structural formulae. 
Other Resonances 
25.5, 32.6, 29 .0 ~H 2 ; 30 . 4 ~- Bu; 
60. 3 CMe; 61. 7 C I; 78. 1 C 2 ; . c CN 
25.6 (t, IJCH = 128), 29.2 (t , IJCH = 
125) , 32 .9 (t, IJCH = 128) CH 2 ; 30.5 
(q,IJCH =129) t-Bu; 59 . 9 (s) CMe; 
65 . 0 (d, IJCH = 152) C I ; 78.5 (d , 
IJCH = 164) C 2 ; c CN 
25.6, 29.3, 32.9 CH 2 ; 30.9 t - Bu; 
65 . 5 CMe; 63. 2 C I; 84. 7 C 2 ; c CN 
24 .9, 28. 4, 30 . 4 (J PC = 3 .9 ) ~H 2 ; 
51 . 6 C 1; 82. 1 C 2; 59. 7 (J PC = 15 . 8 ) 
OMe 
(c) Not observed. 
(d) In CDC13. 
(e) op = 140.6. 
(f) op = 93.4 
...... 
o 
0"1 
107. 
For the remaining acyclic diene complexes, 124 , 127 
and 130, two isomers are possible . In each case the IH 
NMR spectrum of the complex shows that only one isomer is 
r 
obtained. The isoprene complex 124 reacts with carbon 
monoxide to give the l , l-dimethylallyl co~plex 145 
rather than the alternative anti -l,2-dimethyl allyl 
complex 146. The IH NMR spectrum of 145 shows the two 
methyl singlets~expected for this structure. 
124 
(in addition to f:he C, Me6 resorlance) 
CO 
> 
Me ~H3 
/j\?\ H 
Me + H, 2 
, Ru CO 
145 146 
The reaction of carbon monoxide with the 2-methylpenta-
1,3-diene and the 3-methylpenta -l, 3-diene complexes 127 and 
130 results in proton addition to the unsubstituted diene 
carbon to give the n3 -allyl complexes 147 and 148 respectively 
rather than the alternative ethyl -substituted n 3- allyl 
complexes . The I H NMR spectrum of 148 shows three methyl 
resonances , consistent with the proposed structure, rather 
than two methyl resonances, consistent with the more 
symmetric 1 yn , syn -l,2,3-trimethylallyl isomer 149 . The 
108. 
complex 148 does not undergo anti - syn isomerization 
either at room temperature or at 80 oC . 
130 
127 
co 
> 
148 
147 
Me 
3 
Me 
3 
149 
The IH NMR spectra of the n 3 -allyl complexes 
143-145 , 147 and 148 show the presence of only one of 
the two possible n 3 -allyl conformers . Both conformer s 
109. 
have been reported for RU(l1s-CsHs) (113 -C 3HS ) (CO) (150,150,)118,119 
and for RU(I1S-CsH s ) (113-C3Hs)PPh 3 .1 20 From the available 
spectroscopic data, the orientation of the 113 -allyl group 
in the arene-ruthenium complexes cannot be determined 
although for RU(I1S -C s Hs) (11 3_C3HS) (CO) the exo conformer 150' 
f d t d · 121 was oun 0 pre omlnate. 
Q 
"Ru y. ,,' Oc . 
150 150' 
The 1 3C NMR spectra (Table 2.9) of the 11 3-allyl 
complexes 143-145, 147 and 148 are sim~lar to previously 
122-124 
reported. spectra of 11 3 -allyl complexes. The 
central allyl carbon resonance appears at about 6 85 when 
the carbon atom is unsubstituted but is shifted by about 
10 ppm downfield on methyl substitution. Unsubstituted 
terminal allylic carbon atoms give a resonance about 640 
, 
which is shift d downfield by about 15 ppm on methyl 
substitution. Terminal allylic carbon atoms with two 
met hyl substitue nts oc cur about 6 65-80. Similar substituent 
effects h ave been observed in the 1 3C NMR spectra of a 
123 
series of t tracarbonyliron 113-allyl complexes. 
110. 
The cyclohexa-l , 3-diene complexes 131a and 131b 
react with carbon monoxide , trimethylphosphi te or tert -
butylisonitrile to give the expected n 3 - cyclohexenyl 
complexes 151 , 86 15 2a , 152b, 153a and 153b . 
6 5 
4 
+RuH L > + RuL 
I I 
arene drene 
151 L CO arene 
152 L t-BuNC (a) arene 
(b) arene 
153 L P (OMeh (a) arene 
( b) arene 
= 
= 
= 
= 
C6 Me 6 
C6H6 
C6 Me 6 
C6 H6 
C6 Me 6 
The 5-ethylcyclohexa-l ,3-diene complex 133 gives exclusively 
[Ru(HMB) (1 - 3-n-5-ethylcyclohexenyl) (~- BuNC) ]PF6 (154) on 
reaction with te r t -butylisonitrile. Thus the 13 C NMR 
spectrum o f 154 shows four cyclohexenyl carbon resonances 
consistent with the symmetry of this isomer. 
133 
111. 
t-BuNC 
> 
6 4 
3 
+RuCN~-Bu 
154 
Surprisingly , the trimethylcyclohexa-l,3-diene 
complex 138 does not react with carbon monoxide or with 
one equivalent of either trimethylphosphite or tert -
butylisonitrile . The reaction of 138 with an excess of 
tert -butylisontrile gives no characterizable product 
while [Ru (HMB) (P (OMe) 3 ) 3 JPF G ) 2 can be isolated in low 
yield from the reaction of 138 with an excess of trimethyl -
phosphite . 
Th e cyclooctadiene complexes l42a -c react readily 
with te r t -butylisonitrile to give the 1-3-n-cyclooctenyl 
complexes 156a-c. The hexamethylbenzene complex 142c 
reacts with carbon monoxide or trimethylphosphite to give 
the n 3 -allyl complexes 155 and 157 . The lH and 13 C NMR 
:::: : I 
JOO 
112 . 
: I 
100 
T. 
CO 
J (52 \ 
,~ 
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/ 
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Fig ure 2.6 I H NMR spectrum of [Ru (1-IMB) (l -3 - n - cyc1oocteny1) (CO) 1 
PF 6 (15 5) 
113. 
spectra of these complexes (Tables 2.8 and 2.9) are 
consistent with their formulation as n3-allyl com~lex~s. 
7 6 
8 5 
2 3 
+RuH L + RuL 
I > I 
arene arene 
142 (a) arene = C 6 H6 155 L CO arene C6 Me 6 
(b) arene C 6 H3Me 3 156 L = t-BuCN (a) arene = C6 H6 
(c) arene C6 Me 6 (b) arene = C6H3Me 3 
(c) arene = C6 Me 6 
157 L = P (OMeh arene = C6 Me 6 
2.8 Protonation Reactions of Ru{arene) (norbornadiene) 
As is also the case for other ruthenium arene-diene 
complexes, additiQn of HPF 6 to ether solutions of Ru{arene) 
room temperature precipitates from solution air-sensitive, 
pale yellow complexes of empirical formula [RuH{arene) {C7 Hs)] PF 6 ' 
Freshly prepared solutions of the mesitylene complex give a 
I H NMR spe ctrum (Figure 2 . 7) which shows, in addition to 
arene resonances , resonances at 0-5.36 (lH), 1.16 (2H), 
3 . 26 (lH), 3.60 (4H) and 3 .78 (lH). The 13 C NMR spectrum 
shows f ive r sonances assignable to the norbornadiene 
CH 
6 
6 
RuH 
I 
-5 
I 
-6 
114 . 
CH, 
CH , 
I~~~~wu~~~wu~~~~wu~~~wu~~~~wu~~~wu~ 
Figure 2 . 7 III NMR spectrum of [RuH(C 6H 3Me 3) (norbornadiene)] 
PF 6 (l5 8c ) 
TABLE 2.10 
IH NMR Data of Norbornenyland Dicyclopentenyl Complexesa 
Complex 
[RuH(C 6H3Me 3 ) (NBD) jPF6 (158c) 
[Ru (C 6H3Me 3 ) (C7H9)]PF 6 (159c) 
[RuH(HMB) (NBD) jPF 6 (158d)b 
[Ru (HMB) (C 7 H 9 ) j PF 6 (15 9d ) 
Chemical Shifts( o ) 
Arene Resonances 
2 . 28 (s,9H) Me; 
5 . 80 (s,3H) CH 
2.02' (s,9H) Me; 
5.84 (s,3H) CH 
2.25 (s,1 8H) Me 
2.19 (s,18H) Me 
Other Resonances 
- 5 . 36 (s,lH) RuH; 3.60 (m,4H) 
H2t3,st6; 3.78 (m,lH) , 3 . 26 (m,lH) 
Hl , H 4 ; 1.16 (m,2H) CH 2 
0.7-1.2 (m,2H); 2.48 (m,lH); 2. 85 
(m,lH); 3 . 0-3.2 (m,2H); 3.60 (m,lH); 
3.80 (m,lH); 4.48 ("t",lH) 
-5.11 (br,lH) Ru-H 
0.80-1.0 (m,2H); 2.38 (m,lH); 
2.6-2.92 (m,2H); 3.06 (m,lH); 3 . 24 
(m,lH); 3.44 (m,lH); 3.68 (t,lH, 
J = 3) 
I-' 
I-' 
V1 
Complex Chemical Shifts( o ) 
Arene Resonances Other Resonances 
[Ru (C 6Hd (C7H9) ]PF 6 (159a) 6 . 09 (s,6H) CH 0.74 (m,2H); 2.44 (m , lH); 
3 . 2 - 3 . 5 (m,3H); 4 . 18 (m , 2H); 
4 . 76 (t,lH , J 6) 
, c [RuH(C 6H4 Me 2 ) (NBO)]PF 6 (l58c) 2 . 28 (s, 6 H) Me; - 5 . 11 ( br , 1 H) R u H ; 3 . 6 0 - 3 • 9 0 
6 . 0-6.6 (m,4H) CH (m,6H) Hl,H",H2 , H3,Hs,H6; 
1 . 21 (m,2H) CH 2 
[RuH(HMB) (OCPO)]PF6 (168) 2 . 08 ( s , 18 H) Me 4 . 40 (m , 2H); 3 . 75 (m,lH); 3 . 52 
(m,lH); 2 . 68 - 1.60 (m , 7H); - 0 . 09 
(m,lH); -10 . 13 (d,J = 1 8 , lH) Ru - H- C 
[Ru(HMB) (Cl OHI 3 ) (t - BuNC) ]PF6 (169) 2 • 12 ( s , 18 H) Me 4 . 21 (m,2H); 2.8-1.0 ( overlapping m , 
llH); 1.58 (s,9H) t - Bu 
(a) Recorded at 1-00 MHz in C0 2C1 2 . Chemical shifts( o ) in ppm downfield from TMS. 
(b ) I s omerizes rapidly in solution to 159d ; spectrum recorded at -90 oC . 
(c) Not isolated ; isomerizes to 159c (02 . 35 (s) Me) . 
I-' 
I-' 
0"1 
TABLE 2 .11 
13C NM R Spectr a l Dataa of Norbornenyl and Dicyclopentenyl Complexes 
Complex 
[Ru (HMB) (C 7H9) ]PF 6 (L59d)b 
c [RuH(C 6H3M e 3 ) (NBD)]PF 6 (158c) 
b [RU(C 6H3Me 3 ) (C7H9) ]PF 6 (159c) 
c [RU(C 6H6 ) (C 7 H9)]PF 6 (159a) 
Chemical Shifts( o ) 
Arene Resonances 
1 16.5 (q, J CH = 129) 
Me; 102.5 (s) CMe 
20.5 Me; 114.0 CMe; 
91. 5 CH 
19 . 2 Me; 90. 7 C H; 
106.3 CMe 
90.4 CH 
Other Resonances 
25.1 (t,lJCH = 133); 31.7 (d ., lJCH = 
137); 42 .6 (d, IJCH = 174); 47 .2 
(d, IJCH = 167); 51.3 (t, IJCH = 158); 
56.4 (d,lJCH = 174); 80.4 (d,lJCH = 
170) 
57.8; 48.4, 46.9, 45 .8, 42 . 6 
25.0; 31.8; 42. 2 ; 46.5; 50.2; 57.6; 
76 . 7 
24.3; 31.8; 41.8; 46.9; 49.0, d; 
75.1 
f-' 
f-' 
-....J 
Complex 
b [Ru ( HMB )(C 1 oH 1 3) ] PF 6 (168 ) 
e [Ru(HMB) (C 1 OH( 3 ) (!:.-BuNC) ]PF 6 (169) 
Chemical Shifts( o ) 
Arene Resonances Other Resonances 
15.9 (q, I J CH = 128.8) 2 . 52 (dd,lJCHe xo 159, IJCH endo = 
Me; 105.0 (s) CMe 
16.0 (q, IJCH = 129) 
Me; 108 . 6 (s) CMe 
78) ~- H-M; 33.0 (t,IJCH = 129), 
56.9 (t, IJCH = 138) ~H 2 ; 39 . 4 
(d,IJCH = 146); 43 . 6 (d,IJCH = 
132); 52.5 (d,IJCH = 139); 62. 8 
(d,IJCH = 144); 75 . 4 (d,IJCH = 
169); 78.0 (d,IJCH 161); 87 . 1 
(d,IJCH = 165) 
f-' 
f-' 
co 
91.4 (d, IJCH = 16 2 ), 82.65 (d,IJCH = 
168), 61. 7 (d, I J CH = 149), 55.0 (d, 
IJCH = 127), 42.8 (d,lJCH = 133),21.4, 
39.1 (d); 38.2 (t), 35.6 (t), 31.4 
( t, I ,J C H = 12 7 . 5); 3 0 . 8 ' (q, 1 J C H = 12 9 ) 
!:.-Bu; 58.7 (s) ~-Me; 153.9 . (brs) CN 
(a) Recorded at 15.04 MHz. Chemical shifts( o ) 
reported in ppm downfield from TMS; Coupling 
constants (J) in Hz . 
(b) Recorded in both C0 2C1 2 and COC1 3 • 
(c) Recorded in C0 2C1 2 . 
(d) Obscured by solvent. 
Ie) Recorded i n COCl , . 
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liga nd a t 05 7. 8 , 4 8 .4, 46. 9 , 4 5 . 8 and 4 2 .6 . These da t a 
ar e cons isten t with t h e d i ene -hyd ride struc t ure 158c in 
which there is a mirror plane passing throug h CI , C4 and 
C7 of the norbornadiene . On the basis of this structure 
the high field resonance (0-5 . 36) can be assigned to the 
hydride proton , the multiplet at 01 . 16 to the methylene 
protons , the two multiplets at 0 3 . 26 and 03 . 78 to the 
bridgehead protons (HI , H4) and the multiplet at 63 . 60 to 
the olefinic protons (H3 , S; H2 /6) . Although the 13C NMR 
spectrum of 158c cannot be completely assigned , comparison 
. 62 103 
with the spectra of other norbornadiene complexes ' 
suggests that the signal at 057 . 8 should be assigned to 
the methylene carbon atom . I 3 The proton - coupled C NMR 
spectrum of this complex is difficult to interpret 
because the f ive norbornadiene resonance s are close to the 
peaks due to the solvent (CD 2C1 2) . The complex did not 
show a V (Ru-H) band in either its solid-s tate or solu t i on 
- I IR spectra in the range 1600- 2500 cm 
£b 
7 
lb 5 3 H P FS 7, /~ CH 2CI 2 \/ .. 6 \ 1/ 2 
Ru + RuH 
I I 
arene arene 
97 arene = C6Me 6 158 (a) arene 
C6H6 
108(a) arene C6H6 (b) arene 
• 159 
159 (a) arene 
C6 H6 
= (b) arene 
= 
= 
(b ) C6H3Me 3 ~-C6 H4t-
1e 2 ~-C 6 H4Me 2 
arene = (c ) arene = (c) arene = 
(c ) arene = O-C 6 I-l 4Me 2 C6H3Me 3 C6H3Me 3 
(d) arene = (d ) arene = 
C6Me 6 C6Me 6 
12 0 . 
Another conceivable structure for 158c is the 
f lux i o nal bridging - hydride species 16 0 wh ich i s similar 
to that propos e d for [Fe(CO) 3 (C 7 H9 )]+ (§2) ,6 2 formed by 
the protonation of Fe(CO) 3 (norbornadiene) (62) (see 
Section 1. 2) . 
~ ~'-- -- - . ... - - ... - ... I ,. \ I I , \ Ha H / . 
Hx H 
+ Ru' ~ +'Ru 
I I 
arene arene 
160 160 ' 
62 The structure assigned by Olah et al to §2 was primarily 
based on the presence of a geminal coupling between the 
bridging hydrogen atom , H , and H of 1 3 Hz in the IH NMR 
x a 
spectrum of 67 . No such coupling is observed in t he IH 
NMR spectrum of 158c. The 1 3C NMR spectrum of [Fe(CO) 3 
+ (C 7 H9 ) ] (§2) shows the resonance due to the methylene 
carbon , C2 , as a doublet of doublets with a coupling to 
the bridg ing-hydrogen atom , H , of 38 Hz. Unfortunately 
x 
the multiplicity of the corresponding resonance in the 
1 3C NMR spectrum of 158c could not b e de t ermined due t o 
the proximity of the norbornadiene and solvent (CD 2C1 2) 
carb o n r sonanc s . 
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On standing in dichloromethane at room 
temperature for ca 24 hour s , [RuH(C 6H3Me 3 ) (norbornadiene)]PF 6 
(15S c) isomerizes completely to a second complex of empirical 
formula [Ru(C 6H3 Me 3) (C 7 Hg) ]PF 6 (159c ) which can be isolated 
as a pale yellow solid by addition of ether. The IR spectrum 
of this complex , both in the solid state and in dichloro-
met hane solution , shows a band at 2010 cn~l in the region 
of Ru-H stretching vibrations. Surprisingly, however, the 
IH NMR spectrum of the new complex (Figure 2.S) shows no 
high-field resonance. The spectrum shows, in addition 
to the arene resonances , nine one- proton multiplets. The 
13C NMR spectrum of 159c s h ows seven carbon resonances 
due to the norbornadiene ligand at 67 6.7, 57 ,.6, 50.2, 46.5, 
42 . 2 , 31 . S and 25 .0. The proton coupled 1 3C NMR spectrum 
could not be fully interpreted owing to overlap of 
resonances due to the complex with those due to the 
solvent . However , the resonances at 676.7, 46.5, 42.2 and 
31 . S appear as doublets while the resonance at 6 25.0 appears 
as a triplet. 
The reaction of the ~-xyl ene comple~ RU(~-C 6 H4Me 2 ) 
(norbornadiene ) (lO Sc ), with HPF6 is similar to that of the 
mesityle n e complex 10Sb . The hydride complex [RuH(~-C 6 H 4 Me 2 ) 
(norbornadi ene ) ]PF 6 (15Sb) is obtain ed initially and 
isom riz s to a second complex 159b analogous to the 
mesitylene compl x 159c . In t his case , however, 159b 
could not be isolated owing to its i nstabili ty and the 
''-I -
-, \ 
:r 
u
 \ '\ \ \, ) 
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initial hydride complex 158b could not be obtained 
a nalytically pure . 
Protonation of the hexamethylbenzene complex 
Ru (HMB) (norbornadiene) (~) gives a pale yellow solid . 
The lH NMR spectrum of the product, dissolved in dichloro-
o 
methane at -95 C, shows a mixture of two complexes in 
solution in approximately equal proportions . As the 
temperature is raised the ratio of the two complexes in 
solution changes ~rreversibly until only one complex 
remains. The IH and 13C NMR spectra of this complex 
show that it ,is analogous to the mesitylene complex 159c. 
It has the empirical formula [Ru(HMB) (C 7 H9 )]PF 6 (159d) 
and its IH NMR spectrum shows resonances at 03.68(t), 
3.44(m), 3.24(m) , 3.06(m), 2 . 66-2 . 92 (overlapping m,2H), 
2 . 38(m) and 0.80-1 . 0(m,2H). The 1 3C NMR spectrum shows 
seven resonances , other than arene resonahces , at 080 . 4 
(d , J CH = 170 Hz), 56 .4 (d,JCH = 174 Hz) , 51 . 3(t,JCH = 158 
Hz) , 47.2(d,JCH = 167 Hz) , 42 .6(d, J CH 174 Hz) , 31.7 (d , 
J CH = 137) and 25 .1(t, J CH = 133 Hz) . The isolated solid 
and solutions of 159d show a band at 1995 cm- 1 in their 
IR spectra. The othe r complex in solution at -95 0 C is 
presumably the hydride complex [RuH (HMB) (norbornadiene)] PF 6 
(158d) analogous to the mesitylene complex 158c . The IH 
NMR spectrum of 158d shows a high-field resonance at 0 -5.11 
and a hexamethylbenz e ne singlet at 02 . 25. 
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The reaction of Ru(HMB) (norbornadiene) (97) with 
DPF 6 g i ves , af t er the isomerization of any deuteride 
complex 158d present, [Ru( I-lMB) (C 7HeD)] PF6 . The 2H -NMR 
spectrum of this complex shows a single peak at 62.38 and 
the IH NMR spectrum, when compared with that of the 
unlabelled species , shows the absence of the resonance at 
62.38 and changes in the multiplicities of the two 
resonances which appear as overlapping multiplet s at 
62.6-3 . 0. The 13C NMR spectrum shows that the deuterium 
is attached to that carbon atom which gives rise to the 
resonance at 651 . 3 . Surprisingly , the IR spectrum of the 
deuterium-labelled complex still shows the band at 1995 cm- 1 . 
The IH and 1 3C ~MR spectra at -30 oC of [Ru( n6 -C 6H6) 
(C7H 9) ]PF 6 (159a), obtained by protonation of Ru(n 6- C6Hd 
(norbornadiene) (lOSa) , are similar to the spectra of 159c 
and 159d . No intermediate hydride complex is observed . 
At room temperature 159a undergoes rapid decomposition in 
solution . 
Unlike the protonation products of the conjugated 
diene complexes, the complexes [Ru(arene) (C7H 9) ]PP 6 (159c , 
159d) do not g ive mono-adducts on reaction with carbon 
monoxide , trimethylphosphite or tert -butylisonitrile . The 
complexes 159c and 159d do not react with carbon monoxide 
or with one equivalent of trimethylphosphite or t ert -
butylisonitrile . The reaction of 159c and 159d with an 
excess of trimeth ylphosphite or tert -butylisonitrile gives 
125. 
brown oils from which no characterizable products could 
be obtained. Carbon monoxide does not react with the 
hydride complex 158c at room temperature and pressure. 
The hydride complex [RuH(C 6H3Me3) (norbornadiene)]PF 6 (158c) 
reacts readily with sodium carbonate in ° 20 to give back 
the zerovalent ruthenium complex Ru(C6H3Me3) (norbornadiene) 
(108b) with no deuterium incorporation. The isomerized 
products 159c and 159d, however, do not give the zerovalent 
complex on treatment with base. 
These results show that initial protonation of 
the norbornadiene complexes ~ and l08a-d occurs at the 
metal atom to give the hydride complexes 158a-d which 
undergo isomerization by an irreversible transfer of 
the hydride proton from the metal atom to the ligand to 
give the complexes 159a-d. Unfortunately , the structure 
of these complexes cannot be determined unequivocally as 
there appears to be no one structure which is consistent 
with all the spectroscopic data . Although the mesitylene 
and hex amethylbenz ene complexes can be obtained as 
yellow crystals by slow recrystallization from dichloro-
methane/ hexane , no single crystals suitable for an X-ray 
diffraction study could be obtained. Transfer of the 
hydrid e proton from the metal to the ligand in [R H(arene) 
(norbornadiene)]+ (158) might be expected to give, at 
least initially, the sixteen-electron norbornenyl complex 
161. 
7 
d) 3 5 
2 1 / /h6 
Ru + , 
arene 
161 
126. 
7 
3r;b· 
H- Ru+ 5 
arime 
162 
The structure 161 is analogous to that proposed for 
, s + the ,lsoelectronic rhodium complex [Rh(n - CsHs) (C 7 H9 )] (~), 
obtained in si t u by the treatment of Rh (n s -C sH s) (norbornadiene) 
(~l) with trifluoroacetic acid (eq . 1.6) . 69 The complexes 
159a-d are unlikely to have the coordinatively unsaturated 
structure 161 as 159c and 159d do not give mono-adducts on 
reaction with potential ligands such as carbon monoxide 
a nd trimethylphosphite. An alternative possibility is that 
t h e complex e s 159a-d have the structure 162 in which the 
sixth coordination site around the ruthenium is occupied 
by the e ndo -methylene proton attached to C 3 • Such an 
interaction has been observed for the ruthenium complexes 
163 and 164 which are obtained from the reaction of 
b d ' 125 [RuC1 2 (norbornadiene)] with zinc powder and nor orna lene. n 
rRu C12( NI3D )ln 
+ 
Zn -!l ]umj n a 
CH 3 Cl'i- r e flu x 
4 8 - 50"" 
+ 
163 
C 1 
, 
. , 
/ :~--H-' U 
164 
127. 
The assignment of structure 162 to the complexes 
159a-d is supported by the observation of bands in - the IR 
spectra of 159c and 159d at 2010 and 1995 cm-I respectively . 
On the basis of structure 162, the 1 3C NMR spectrum of the 
hexamethylbenzene complex 159d could be assigned as follows : 
080 . 4 , 56 . 4 CS ,C 6 ; 51.3 C7; 47 . 2, 42.6 CI , C .. ; 31.7 C2 and 
25 .1 C3 . The IH NMR spectrum of 159d could also be assigned : 
0 3.68 , 3 . 44 Hs , H6 ; 3 .24,3.06 HI, .. ; 2 . 66 - 2.92 , 2.38 H2,H7, H7'; 
0 .80-1.0 H3 , H3 '. The IH NMR spectra of the complexes 1~ and 
164 show high-field resonances at 0-3.74 and -2.87 respectively 
d ' h b 'd' h d 125 corre spon lng to t e rl glng- y rogen atom. In contrast , 
the IH NMR spectra of the complexes 159a - d show no high-field 
resonances which could be assigned to a bridging - hydrogen 
atom. The observation that deuterium incorporation, on 
reaction of Ru(HMB) (norbornadiene) with DPF6, occurs on a 
carbon atom which has a chemical shift of 051 . 3 suggests 
that a rearrangement has occurred. For the norbornenyl 
strbcture 162 this requires a rearrangement (eq . 2.7) of the 
type proposed for the deuterium-labelled norbornenyl cation 
165 which is thought to be an intermediate in the reaction 
f d " h 1 126 o norborna lene wlt DC . 
eq . 2.7 
165 
128. 
The possibility that the i s omerization of the 
norbornadiene-hydride complexes 158a-d could involve a 
skeletal rearrangement of the ligand , e . g . to a nortricyclenyl 
comp lex (166) or to a vinylcyclopentenyl complex (167), 
cannot be overlooked . 
H 
+ Ru' 
I 
arene 
166 
d;u 
+\ 
Ru 
I 
arene 
167 
A number of examples of the rearrangement of norbornenyl 
ligands to nortricyclenyl compounds are known e.g. in the 
palladium complexes shown 127 in eq . 2 . 8 and the hydrogenation 
of norbornadiene catalysed by RuC12(CO) 2(PPh3) 2 to give 
. 1 128 nortrlcyc ene. 
~ py 
~'Ph~ 
"Pd 
CI 'py 
rbPh 
,Pd 
CI 'py 
2 
eq. 2.8 
It is unlikely, however , that the complexes 159a- d have a 
nortricyclene structure as the 13C NMR spectra of these 
complexes do not show resonances in the region (80-10) 
129 , 125 
expected for cyclopropane carbon atoms . 
129. 
2 .9 Protonation of Ru(HMB) (dicyclopentadiene) 
The dicyclopentadiene (= tricyclo[5 , 2 , 1 , 02 ' &]-deca-
3 , 8-diene) complex Ru(HMB) (n4-C 1 OH 12 ) (~) reacts with HPF& 
to give a yellow complex of empirical formula [Ru(HMB) (C 1o HI3 )] 
PF& (168) . This complex gives a IH NMR spectrum which shows 
a singlet at 62 . 08 (18H) due to the arene protons, multiplets 
at 64 . 40 (2H), 3 . 75 (lH), 3 . 52 (lH), a complex pattern of 
multiplets between 61.60 and 2.68 corresponding to seven 
protons, a multiplet at 6-0.09 (lH) and a doublet at 6-10.13 
(lH,J = 18 Hz). Irradiation experiments show that the 
splitting of the high-field resonance is due to coupling 
with the proton responsible for the resonance at 6-0.09. 
The 1 ,3 C NMR spectrum of 168 shows ten resonances due to the 
C1oH1 3 ligand at 687 .1 (d,lJCH = 165 Hz), 78 . 0 (d,lJCH = 161 
Hz) , 75.4 (d , IJCH = 169 Hz), 62 . 8 (d,lJCH = 144 Hz), 56 . 9 
(t , I J CH = 138 Hz ), 52.5 (d,IJCH = 139 Hz), 43.6 (d,IJCH = 
132 Hz) , 39 . 4 (d , lJCH = 146 Hz), 33.0 (t,lJCH = 129 Hz) and 
2 .52 (dd , iJCHe x o = 159 Hz, IJCHe ndo = 78 Hz). The IR spectrum 
of 168 shows no band in the region 1600-2500 cm- 1 assignable 
to V (Ru-H) . The product of the reaction of Ru(HMB) (dicyclo-
pen tadien e) (9 8) with DPF& shows no high-field resonance 
mits IH NMR spectrum and the resonance at 6-0 . 09 is now a 
broad doublet . Complex 168 reacts readily with sodium 
carbonate to regenerate the zerovalent ruthenium complex 
Ru (HMB) (dicyclopentadiene) (98) . 
130 . 
The complex [Ru (HMB) (CI oHI 3) ]PF6 (168) does not 
react with carbon monoxide at room temperature and pressure 
but reacts with te r t -butylisonitrile to give a 1:1 adduct 
[Ru (HMB) (CI oHI 3 ) (~-BuNC) ]PF 6 (169). The IH NMR spectrum 
of 169 shows a two proton multiplet at 04.21 and a complex 
pattern o f multiplets between 01.0 and 2.8 corresponding 
to eleve n protons. It also shows a nine-proto n singlet 
'at 01.58 du e to the protons of the isonitrile ligand and an 
e ighte en-proton sing let at 0 2.12 due to the arene protons. 
The IR spec trum shows the expected v (C-N) band at 2142 em-I. 
The 1 3C NMR s pectrum shows t e n resonances due to the Cl oH1 3 
ligand at 091.4, 82.7, 61.7, 55.0, 42.8, 39.1, 38.2, 35.6, 
31.4 a nd 21.4. 
A n umb er of conceivable structures f or the complex 
1 68 ar e g i ven b e low (170-75). 
10 
17 3 174 
H .......... + / 
Ru 
* 
175 
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The large proton-proton coupling (18 Hz) observed 
for the high-field proton suggests that t h e complex 168 
has a structure in which the hydride proton is bonded to 
both the ruthenium atom and a ligand carbon atom rather 
than the hydrido-diene structure 170. Similar couplings 
are observed for the high-field protons in the IH NMR 
spectra of other bridging-hydride complexes e.g. 
62 + (67) (13 Hz) and [Fe(CO) 3 (cyclobutenyl)] (68) 
+ [Fe (CO) 3 (C 7 H9 )] 
(29 Hz). 63 
The presenc e of the bridging-hydride in complex 168 is 
supported by the observation of a coupling of 79 Hz between 
the bridging-hydrogen atom and the carbon atom to which it is 
attached. This value is smaller than that expected for a 
one-bond IH_1 3C coupling constant but larger than most two-
130 bond IH_l 3C coupling constants. It is, however, of 
similar magnitude to the values reported for the corresponding 
coupling in other bridging-hydride complexes e.g. Mn(CO)3 (C 6 H9 ) 
59 + 55 (59) (83 Hz), [Fe(P(OMe) 3)3(C 7 H11 )] (~) (80 Hz). Five 
possible bridg ing-hydride structures are 171-175 . The n3-
allyl structure 175 is thoug ht unlikely because the complex 
168 reacts with base to regenerate the zerovalent ruthenium 
complex 98 and because 168 reacts with tert -butylisonitrile 
to give the asymmetric complex 169 rather than a symmetrical 
n3-ally l complex. Furthermore, reaction of Ru(HMB) (dicyclo-
pentad iene) (98) wi th DPF 6 results in oou teri urn incorporation 
into th bridging -hydride position . The formation of the 
n3-allyl complex 175 would require proton transfer via the 
ruth nium which should result in deuterium scrambling . The 
132 . 
chemical shift ( 0 56 . 9) of the bridge carbon atom (C lO ) 
suggests that the 8 ,9 double bond is still present as such a 
chemical shift is typical of those observed for the bridge 
carbon a tom in norbornene and norborna diene compounds .62,108,130,131 
Thus , eithe r 171 or 172 appears to be most likely structure 
for the oomplex 168. The lH and 1 3C NMR spectra do not allow 
any distinction to be made between these possibilities . On 
the basis of structure 171 the l 3C NMR spectrum could be 
assigned as f o llows: 0 87 . 1, 78.0 C a ,C9i 62.8, 52.5,43.6, 
3 9 . 4 C 1 , C 2 , C 6 , C 7 ; 56 .9 C 1 0 ; 33.0 C 3 ; 2.52 C 1+ and 75.4 C 5 • 
Two of the resonances below 0 70 (e.g . 87 . 1, 78.0) must be 
a ssigned to the olefinic carbon atoms Ca and C9 and the 
third resonanc e can only be due to the a -bonded carbon atom 
C s since the signals due to the bridgehead carbon atoms 
f all in the usua l rang e . A chemical shift of 075-80 seems 
t o be to l owe r field than that expected for a carbon atom 
a -bond e d t o a transition metal . . However, the chemical 
shifts o f such carbon atoms vary considerably and chemical 
shifts betwe e n 0 60 and 0 70 have been reported e.g. in the 
palladium c omple x 176 (L = hexafluoroacetylacetonate) 
( 0 = 64 . 3).1 30,132 
Pd l 
176 
133. 
There are four possible struc t ure s (177-180) for 
the product 169 of the reaction of 168 with tert -butylisonitrile. 
The presence of ten carbon resonances due to the C JoH13 1iga nd 
in the J3 C NMR spectrum of 169 rules out the more symmetrical 
isomer 177. 
177 L = t-BuNC 
10 
8 
179 L = t ..... BuNC 
178 L = t-BuNC 
/' 
+ Ru L 
* 
180 L t-BuNC 
Th e a bse nce of a triplet in the proton-coupled J 3C 
NMR spectrum between 6 45 and 60, characteristic of the bridge 
62 108 
carbon atom of norborn e ne and norbornadiene compounds , , 
134 . 
suggests that the complex . 169 has either of the structures 
180 or 179 which contain a 3 ,4 doub l e bond , but a distinction 
cannot be made on the basis of lH and 13C NMR spectroscopy . 
Assuming structure 179 , the 13C NMR spectrum of 169 can be 
partially assigned by comparison with the spectrum of the known 
dicyclopentenyl platinum complex 181 (L = hexafluoroacetyl-
130 
acetonate : 6 91 . 4 , 82 .7 Cy , ' CSi 61 .7, 55 .0, 42.8, 39 . 1 
38.2 , .35 .6, 31.4 fH 2 i 21.4 Ce • 
181 
2.10 Hydride Abstraction Reaction 
Many low-valent transition - metal n 4 -diene complexes 
undergo hydride-abstraction on treatment with Ph 3 C+PF 6 -
In th case of 1-4-n-diene complexes, 1-5-n-dienyl complexes 
result 7 , 107 and for non-conjugated n 4 -diene complexes, n 3 -
allyl compl xes ar obtained . 7 ,133 The complex Ru(HMB) (1 -4-n-
+ -
cyclohexadi n ) (9 4) reacts with Ph 3 C BF4 to give 
, 1)] 134 ~u(HMB ) (1 - 5-n-cyclohexadleny BF 4 . 
Wh n the l , S-cyclooctadiene complex , Ru(HMB) (1,2:5,6-n-
CO lll 7 ) (95) r ct..s with triphcnylmethylium tetrafluoroborat 
th pale yellow compl x [ Ru(I*1B) (1-3:S,6-n-C sH ]]) ]BF4 (182) 
is obtain d . 
135. 
Ru Ru+ BF 
.. 
o o 
182 
h I . T e H NMR spectrum of 182 shows a slnglet due to 
the arene methyl protons and a complex pattern of multiplets 
due to the cyclooctadienyl ligand . The 1 3C NMR spectrum 
shows eight 1 3C resonances due to the cyclooctadienyl 
ligand consistent with the asymmetry of the proposed 
structure. The resonances at 088 . 6, 86.2 and 77.4 can be 
assigned to the olefinic and central allylic carbon atoms, 
the resonances at 03 6.3 and 35 . 7 to the terminal allylic 
carbon atoms a nd the resonances at 03 2 . 0, 29.0 and 20 . 4 
to the methylene carbon atoms. This result is analogous 
to the reaction of Ru(CO) 3 (1 , 2 : 5,6-n-C aHlz ) with triphenyl-
methylium tetrafluoroborate which gives [RU(CO) 3 (1-3:5,6- n -
133 C a H 1 1 ) 1 BF .. . 
2 .11 Summary and Conclusion 
The protonation of the complexes , Ru(arene) (1-4-n-diene) 
(diene = acyclic diene , cyclohexa - l , 3-diene , substituted 
cyclohexadiene) gives products which can be regarded as 
hydrido-diene complexes . In solution these complexes undergo 
136. 
rapid transfer (on the NMR timescale ) of the hydrido proton 
between the metal and the diene. The reaction of the non-
conjuga ted diene complexe s, Ru (arene) (n" -diene) (diene 
cycloocta-l , 5-diene,norbornadiene) gives species which 
appear to be best formulated as diene-hydride complexes. 
The 1,5-cyclooctadiene complexes [RuH(arene) (l , 2:5 , 6- n- CeHI2)] 
PF 6 (142a-c) undergo a slow exchange of the hydride proton 
between the metal and the diene. The IR spectrum of the 
hexamethylbenzene complex 142c shows a band at 2050 cm- 1 
assignable to v (Ru-H) . This value is similar to that 
observe d for the hydrido-cyclooctadiene complex, RuHC1(l,5-
CeHl 2) (piperid ine) (2040 cm- 1 ) 116 (the X-ray structure of 
which has been reported l16 ) , and supports the view that this 
comp l ex has a hydrido-diene structure. In contrast , the 
norbornadiene . complexes [RuH (arene) (norbornadiene) ] PF 6 (158a -d) 
undergo irreversible transfer of the hydride proton from 
the ruthe nium to the diene to give the norbornenyl complexes 
159a-d . Although the NMR data for these complexes are 
consiste n t with a n orborn e nyl structure, the IR spectra 
s how bands about 2000 cm- 1 suggesting a possible M-H-C 
interaction. The IH NMR spectra , however , show no high-
f ield resona nces . Thus the structure of these complexes 
(159a-d) is uncertain a nd must await an X-ray diffraction 
study . In contrast to the other non-conjugated diene 
complexes , .. the dicyclopentadiene complex Ru(HMB) (n -C lo HI 2 ) 
(~) reacts with HPF 6 to g ive the complex .!~ in which the 
hydride atom bridges between the ruthenium atom and a carbon 
137. 
atom of the C1oH 1 31igand. The presence of the bridging-
hydrogen atom in this complex is indicated by the doublet 
at 6-10.13 in its lH NMR spectrum and a lJCH for the 
bridging-hydrogen of 79 Hz. These values are consistent 
with the spectroscopic properties of previously reported 
bridging-hydride complexes. 
In contrast to the iron complexes [FeL 3 (alkenyl)]+ 
(L = CO,P(OMe) 3 ,PMe3)~ ,55,1 35 the lH and 13C NMR spectra 
of the arene-ruthenium complexes [RuH(arene) (n4-diene)]PF 6 
(diene = acyclic diene,cyclohexa-l,3-diene,substituted 
cyclohexadiene) provide no conclusive evidence for the 
presence of a bridging-hydride interaction (M-H-C). In fact 
the lH NMR spectra of the dimethylbutadiene complexes 118a-c 
and the lH and 1 3C NMR spectra of the cyclohexadiene 
complex 131a support the diene-hydride formulation. In 
addition , it is not necessary to postulate a bridging-
hydride species to explain the observed fluxional behaviour 
of these complexes. 
However, it is possible that there is some interaction 
between the hydride proton and one of the diene carbon 
atoms . Th absence of bands in the IR spectra of most of 
the complexes [RuH(arene) (diene) ]PF6 in the region character-
istic of v(M-H); the band in the IR spectrum of the 
trim thylcyclohexadiene complex 138 at 2300 cm-1 which could 
138 . 
be due to a modified \) (C-H); and the upfield shift of 
the resonance due to one of the outer diene carbon atoms in 
the 13C NMR spectrum of the ethylcyclohexadiene complex III 
suggest that an M-H-C interaction may be present. Unfortun-
ately, conclusive NMR spectroscopic evidence could not be 
obtained due to difficulties in obtaining low-temperature 
lim~ting spectra in order to observe if any coupling is 
present between the hydride proton and one of the diene 
carbon atoms. If any interaction is present then it is 
probably much weaker than for the iron tricarbonyl and 
tr is(phosphite) complexes. This is shown by the nature 
of the exchange process observed for each of the two 
systems . For the ruthenium complexes the exchange process 
involves the breaking of the Ru-H bond in the hydrido-
diene species to give an intermediate sixteen-electron 
allyl species. This is followed by the breaking of a C-H 
bond in the allyl species to regenerate the diene-hydride 
complex (eq. 2 .9). 
eq. 2.9 
+ For the iron complexes [FeL 3 (n 3 -a lkenyl) ] (L = CO, 
P(OMe) 3 ) the fluxional process invo~ves the breaking of the 
Fe-H bond of the bridging-hydride species to give a n3-allyl 
intermediate (eq. 2.10)8,55 and subsequent reformation of 
the Fe-H bond. 
139. 
eq . 2 . 10 
Deuteration studies show that C-H bond breaking 
does occur but at a much slower rate . 8 , 55 As shown by 
variable temperature lH and 13C NMR spectroscopy, the 
br idg ing -hydride complex Mn (CO) 3 (C G H 9) (~) undergoes both 
Mn-H and C-H bond breaking (eq. 1 .2, 1.3) .59 However, Mn-H 
o bond-breaking is observed at temperatures down to -99 C 
o 
whereas C-H bond-breaking lS only observed above about 4 C. 
A decision regarding the extent , if any , of inter-
action between the hydride proton and a diene carbon atom 
in the arene-ruthenium complexes [RuH(arene) (diene)]PF G 
must await an X-ray diffraction study of one of these or 
some closely related complex. 
It seems likely that complexes containing M-H-C 
interactions can range from metal-hydride complexes with 
little or no interaction between the hydride proton and 
the carbon atom to complexes which essentially contain an 
aliphatic proton which has some slight interaction with the 
metal. It seems appropriate at this point to survey 
compl xes for which an M-H-C interaction has been proposed. 
Table 2 .12 lists some spectroscopic and crystallographic 
d 1 8,55 , 135-146 t ata for a number of such comp exes. No 
includ d in this table are any of the low valent phosphine 
140. 
complexes in which one of the ortho-hydrogen atoms of the 
phenyl group of the phosphine ligand is positioned near the 
147 
metal atom e.g . Pd(P(~-BU) 2 Ph) 2 . The complexes listed 
in. Table 2.12 range from complexes in which ~he M-H inter-
action is weak e.g. PdBr(PPh)2(C4(C02Me)4H)136 to complexes 
which have a definite M-H-C bridging interaction e.g. 
[Fe(P(OMe) 3) 3 (C eH13 )]BPh 4 (50).55 In general , interaction 
of the hydrogen atom with the metal atom appears to result 
In an upfield shift of the resonance due to this proton in 
the IH NMR spectrum. Exceptions to this are some square 
planar complexes of the nickel triad which show a downfield 
shift of the proton resonance due to weak interactions with 
136-8 the metal atom . The chemical shift of the hydrogen 
atom involved in a bridging-hydride interaction is often 
similar to that of the hydride proton in typical transition-
metal hydride complexes. It is therefore not always possible 
to distinguish between a hydride complex and a bridging-
hydride complex (M-H-C) on the basis of proton chemical 
shifts . The 13 C NMR spectra of bridging-hydride complexes 
usually show an upfield shift of the resonance due to the 
carbon atom attached to the bridging-hydrogen atom. In 
addition this resonance usually shows a coupling to the 
bridging hydrogen atom of 70-100 Hz which is less than that 
expected for a normal IJCH coupling. Ittel et aZ
55 have 
+ 
suggested that fo r the complexes [FeL 3 (butenyl)] (L = CO, 
P(OMe) 3 , PMe 3) the value of IJCH reflects the extent of 
interaction between the bridging-hydrogen atom and the 
TABLE 2 .12 
Selected Spectroscopic and Crystallographic Data fo r Complexes 
with a Proposed M- H- C Interaction 
Compound 
136 PdBr (PPh 3 ) 2 (C " (C0 2Me) " H) 
136 Pd{OCOCF 3) (PPh 3 ) 2 (C " (C0 2Me) "H) 
137 t r an s - PtC1 2 (PhCHNCH 3) (AsEt 3 ) 
trans - NiCl (2 - vinylphenyl) ( PEt 3) 2138 
Cu( { NH2 CH 2CH 2 ) 2tlH ) (n 2 - norbornadiene) 139 
NMR Dataa 
°H °c 
8.10 
3 . 88 d 5 . 17e 
7 . 85 
f 140 Mo{CO) 2 ( n 3- 2 - phenylallyl) (BEt 2 (pz) 2 ) ' - 6 . 07 
f 140 Mo (CO) 2 ( n 3- al1yl) (BEt 2 (pz) 2 ) , 
2 141 Fe"H{ n - CH) (CO) 12 
142 OS 3H{CO) lo Me 
143 [r-to 2H (MeC 2Me) "Cp 2 ] (CF 3C0 2 ) 2H 
144 [ Ta{CHCMe 3 ) {PMe 3)C1 3 ] 2 
- 4 . 30 
- 1. 31 335 
- 3 . 68 -14 . 9 
- 9 . 37 
4. 7 0 276 
1J
CH 
103 . 4 
121 
101 
IR (cm - 1 ) b 
v {CH) v {MH) 
2704 
2664 
2605 
v c Bond Lengths{A) 
M- C 
3 . 06 
1. 92 
2 . 196 
1. 898 
C- H 
0 . 81 
0 . 97 
1 .1 83 
0 .89 
1 . 121 
M- H 
2 . 3 
2 . 01 
2 . 2 
1. 75 
1.88 
2 . 119 
.... 
~ 
.... 
Compound NMR Dataa m (em-I) b Bond Lengths (A) c 
° H ° c 
1 J CH V (CH) V (MH) M-C C-H M-H 
RuCl(norbornadiene) (C1 4H1 7 ) (163)125 - 3 . 74 35 . 8 2580 2 . 10 
57 
2 . 98 0 . 99 2.77 Fe(P(OMe) 3 ) 3 (cyclooctenyl ) 
+ 8 49 [Fe (CO) 3 (butenyl) ] , 
-14.6 
- 3 .0 73.7 
+ 8 49 
-1 4 . 8 19 . 0 78 [Fe (CO) 3 (cyclohexenyl) ] , 
[ Fe (P (OM e) 3) 3 (b ute n y 1) ] B Ph l, 55 
-1 5 . 2 - 3 .9 100 
[Fe(P(OMe) 3) 3 (cycloheptenyl)~Ph 4 55 
-15. 77 7.9 80 t-' 
..,. 
55 IV [Fe(P(OMe) 3 )3 (cyclooctenyl)]BPh 4 2.362 1.137 1. 879 
135 
120 [Fe(PMe3)3 (butenyl)] PF 6 - 17 . 05 1570 
Mn(CO) 3 (cyclohexenyl)59 
-12.83 13.6 83 
145 
2.30 1. 07 1. 86 Mn(CO) 3 (methylcyclohexenyl) 
CrH (cyclooctadienyl) (PF 3) 3 146 
-12.58 1.9 88 2 . 35 1.8 
CoH(PPh3) 2 (dimethylbutadiene)65 
-17.7 1862 
[Ru (HMB) (C 1 0 HI 3) ] PF 6 (168 ) 
-1 0 . 13 2 . 5 78 
(a ) Chemical shifts of hydrogen atom interacting with t h e me tal and its 
attached carbon atom. ( <5 , in ppm down field from TMS) (J in Hz) 
(b ) possible V(CH) and v (M-H) bands involving hydrogen atom interacting 
with the metal . 
(c ) M- H, C- H and C-M distances for the hydrogen atom interacting with 
the metal and the corresponding carbon atom . 
(d ) Jpt-H = 19 Hz . 
(e) Jpt-C = 12 . 5 Hz . 
(f) pz l-pyrazolyl. 
f--' 
A 
W 
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metal. Thus IJCH lncreases from 74 to 120 Hz as L changes 
from carbon monoxide to trimethylphosphite and to trimethyl-
phosphine. This correlates with an increase in electron 
density at the metal centre and an expected decrease in the 
M-H interaction. 
It should be possible to correlate the nature of 
the M-H-C interaction with v (CH) and v(MH) . An M-H-C 
interaction would be expected to lower the frequencies of 
both v (CH) and v (MH) as has been observed for a number of 
compounds containing M-H-C interactions e.g. [Fe(PMe3) 3 (butenyl)] + 
v (Fe-H) 1570 cm- 1 ~35 RuC:l (n 4-norbornadiene) (C14 H17) (163) v (CH) 
2580 cm- 1 • 1 25 It is clear from Table 2.12 that comparatively 
little IR data are available and that any conclusions on the 
effect of the M-H-C interaction on the values of v (CH) and 
V (MH) must await a careful IR investigation of these complexes. 
It can be seen from Table 2.12 that the NMR spectro-
scopic propertie s of the arene-ruthenium bridging-hydride 
complex 168 compare well with those of other bridging-hydride 
complexes . The observation of the Ru-H-C interaction for 
this compl ex supports the possibility of there being some 
interaction between the hydride proton and one of the 
diene carbon atoms in other complexes of the type [RuH(arene) 
(diene)]PF 6 . 
145. 
2 . 12 Experimental 
Unless otherwise stated , all reactions were 
carried out in a dry nitrogen atmosphere using standard 
techniques for handling air-sensitive materials . Solvents 
were of analytical grade and were dried and deoxygenated 
before use. 
IR spectra were measured on PE225 and PE457 
instruments. Proton NMR spectra were recorded on Varian 
HA-100 , Jeolco MH-100 or Jeolco FX-60 instruments using 
Me4Si as internal reference . Low temperature lH NMR spectra 
were recorded on the Varian HA-100 instrument or on a 
Bruker HX-270 instrument at the National NMR Centre, Canberra . 
1 3C NMR spectra were obtained on a Jeolco FX - 60 instrument 
operating at 15 . 04 MHz using Me 4 Si as internal reference . 
31p NMR spectra were obtained on a Bruker KR322S spectrometer 
at 24 . 3 MHz using H3P0 4 as external reference and all 
reported spectra are lH decoupled. 2H NMR spectra were 
recorded at 9.21 MHz In CH 2C1 2 on the same instrument using 
CD 2C1 2 as internal reference . Mass spectra were run on an 
MS-902 instrument at 70eV . 
Microanalyses were carried out in the micro-
analytical laboratories of the Research School of Chemistry 
and the John Curtin School of Medical Research. Melting 
points were d e termined on a Gallenkamp melting point 
146. 
apparatus in air , unless otherwi s e stated , and are uncorrected. 
Cond uctivity measurements were carried out using a Philips 
GM-414 bridge with a PW-9510 conductivity cell . 
Analytical data are given in Tables 2.1 and 2 . 2 and 
spectroscopic data in Tables 2.3-2 . 11 . 
Starting Materials 
Ruthenium trichloride was obtained from Johnson 
and Matthey Co ., England. a -Phellandrene, acyclic and 
cyclic dienes were used directly as received. The complexes 
[RuC1 2 (arene)] 2 (arene = HMB,mesitylene , benzene) were 
prepared by literature methods . 86 ,148 Solutions of BF3,H20 
and BF ~0 2 0 were prepared by bubbling BF3 through HzO and 020 
, 1 149 respect~ve y . 
Preparations 
[RuCl z (o-xylene)] z 
Hydra ted ruthenium tr ichlor ide (2.0 g) in ethanol 
(20 roLl was heated under reflux with 1,2-dimethylcyclohexa-' 
1,4-diene for two hours. The resulting brown precipitate 
was filter d off, washed with methanol and ether and dried 
in v ac U 0 ( 2 . 1 g , 9 4 %) • IH NMR (d 6 -dimethylsulphoxide) 62.03 
147. 
Ru(arene) (n 4 -diene) Complexes 
Ru (n 6 -mesi tylenel (n 4 -norbornadiene) (108b) -
carbonate (0.2 g) and norbornadiene (1 mL) were added to 
propan-2-01 (20 mL) and the mixture was stirred and heated 
under reflux for 3 hours during which time most of the 
suspended dimer had dissolved and the solution had turned 
.yellow . The solvent was then removed in v acuo and the 
residue was extracted with n-hexane (40 mL). The filtered 
extract was concentrated in vacuo and cooled to -7 80C . The 
resulting pale yellow solid was collected and dried ~ n v ac u o 
(0.08 g, 42 %). The product may also be purified by sublim-
ation at 45 0/ 10- 2 mm. 
The followin g complexes were prepared similarly 
from [RuC1 2 (HMB)) 2 and the appropriate diene: 
Ru (HMB) (l- 4- n-cyclohexadiene) (2!), first prepared 
86 by this method by Bennett and Matheson , from cyclohexa-l,3-
diene (63 %); 
Ru(HMB) (1, 2 : 5 , 6-n-cyclooctadiene) (95) first 
86 prepared by this method by Bennett and Matheson, from 
cycloocta-l , 5-diene (70 %); 
Ru (HMB) (n 4 -norbornadiene) (97), from norbornadiene 
(56 %) ; 
148. 
Ru(HMB) (l-4- ~ -1 , 3 , 5-trimethylcyclohexa-l , 3-diene) 
(109) , from 1 , 3 , 5 - trimethylcyclohexa-l , 4-diene (39 %) ; 
Ru(HMB) (l -4 - ~ -5-ethylcyclohexa -l , 3-diene) (llO) , 
from 4-vinylcyclohex~1-ene (65 %); 
Ru(f-1MB) (l-4 - ~ -2, 3-dimethylbutadiene) (101), from 
2 , 3 -dimethyl butadiene (68 %); 
Ru(HMB ) (l-4- ~ -isoprene) (l02) , from isoprene (31%); 
Ru(HMB) (l-4-~-3-methylpenta-l , 3-diene) (l04), from 
3-methylpenta -l,3-diene (34 %); 
Ru(f-1MB) (l-4- ~ -2-methylpenta-l , 3-diene) (l03), from 
2-methylpenta -l , 3-diene (44 %); 
Ru (HMB) (~~ -dicylopentadiene) (98) , from dicyclo-
pentadiene (34 %) . 
Similarly prepared from [RuC12(benzene)]2 and the 
appropriate diene were: 
Ru (~ b - benzene) ( ~~ -n orbornadiene ) (l08a), from 
norbornadiene ( 26 %); 
Ru(~ G -benzene) (l-4- ~ -cyclohexadiene) (89) , from 
cyc lohexa-l , 3-diene (28 %); 
149 . 
RU (1l 6 -be n zen e ) (1, 2 : 5 , 6- 1l -cyclooctadiene ) (91a) , 
f r om cycloocta- l , 5 - dien e ( 20 %); 
RU(1l 6 - benzene) (1- 4- 1l - 2 , 3-dimethylbutadiene) (107a) , 
from 2,3-dimethylbutadiene (32 %) . 
Ru ( 1l 6 -mesitylene) (1-4 - 1l - 2 , 3- dimethylbutadiene) (107b) 
and Ru(1l 6 -mesitylene) (1 , 2 : 5 , 6 - 1l-cyclooctadiene) (141)134 were 
prepared similarly from [RuC1 2 ( 1l 6 - mesitylene)] 2 and 2 , 3-
dimethylbutadiene (48 %) and cycloocta - l , 5 - diene (60 %) 
respectively . RU( 1l 6 -s:-xylene) (1l 4- norbornadiene) (108c) was 
prepared similarly from [RuC1 2 (s:- xylene)] 2 and norbornadiene 
(47 %) • 
[ Ru (HMB) (1-3 : 5,6- 1l -cyclooctadienyl) ]BF4 (182) 
Ru(HMB) (1 , 2 : 5 , 6-1l-cyclooctadiene) (0 . 08 g, 0 . 22 mmol) 
was dissolved in dichloromethane (5 mL) . A solution of 
+ -Ph 3C BF4 (0 . 073 g , 0 . 22 mmol) in dichloromethane (5 mL) was 
added dropwise . The solution was stirred for ten minutes. 
Diethyl ether was then added to precipitate the complex as 
a pale yellow solid . Recrystallization from dichloromethane/ 
diethyl ether gave the complex as pale ye l low needles ( 0. 04 g , 
36 %) . lH NMR (CD 2C1 2 ) : 61.2-2.6 (m , 6H ) C!:!.2 ; 2 . 22 (s ,1 8H) Me ; 
3 . 10 (m , 2 H) , 3 . 56 (m , 2 H) , 4 . 4 0 (m , lH) ole fin i c a nd all y 1 i c 
protons. 1 3C NMR (CD 2C1 2 ) : 0 16 . 2 Me ; 10 4 . 6 C- Me ; 88 . 6, 
86 . 2 , 77.4 olefinic a nd c ntral allylic carbon atoms; 36 . 3 , 
35 . 7 terminal allylic carbon atoms ; 32 .0, 29 .0, 2 0 . 4 CH2 . 
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Protonation Reactions 
The following general procedure was used for the 
proton ation of Ru(arene) (diene) compl exes . 
HPF 6 (aq, 60 %) was added dropwise to a solution 
of the complex (0.1 g ) in dieth yl ether (10 mL) . A pale 
ye ll ow solid formed immediately. When further addition of 
acid gave no more precipitate , the solid was filtered , 
washed with ether and dried in vacuo . 
The following complexes were prepared ln the same 
manner : 
[RuH(HM~(1 , 5 -cyclooctadiene)]PF6 (142c) , recrystallized 
from CH zCl z/et her at -78 0 C. (Yield, 75 %) . IR (Nujol): 2050 cm- l , 
(w) ; 
[ RuH(1l6 - mes itylene) (1 , 5-cyclooctadiene) ]PF 6 (l42b) 
(60 %). IR (Nujol) : 208 0 cm- 1 (w) ; 
[RUH( 1l6 -benzene ) (1,5-cyclooctadiene) ]PF 6 (l42a) (55 %); 
[ RuH( 1l6 -ben zene ) (1, 3-cyclohexadiene) ]PF6 (13la) (70 %) . 
IR (Nujol): 1590 cm- 1 (w); 
[RuIJ(IIHB) (1 , 3-cyclohexadiene)]PF 6 (1 3lb) (first 
86 prepared by Bennett and Mathe son ) (80 %). IR ( Nuj o l): 
1565 cm- 1 (w, br); 
151. 
[RuH{HMB) {I, 3,5-trimethylcyclohexa-l, 3-diene) ] PF 6 
(13S), recrystallized from CH 2C12/ether as yellow needles 
( 6 5 %) . I R (C II 2 C 1 2 ): 2 30 0 cm -1 ( w) ; 
[RuH{HMB) (5-ethylcyclohexa-l,3-diene)]PF 6 (133), 
recrystallized from CH 2C1 2/hexane as yellow needles (6S %); 
[RuH{P.MB) (2,3-dimethylbutadiene) ]PF 6 (llSc), 70 %. 
IR (Nujol): 1565 cm- 1 (w, br) . 
The following complexes were prepared similarly 
as pale yellow solids but could not be obtained analytically 
pure as they could not be recrystallized without decomposition. 
These complexes were characterized by NMR spectroscopy and 
by the preparation of stable n3 -allyl and enyl derivatives: 
[ RuH ( n 6-mesitylene) {2 , 3 -dimethylbutadiene)]PF 6 (llSb) 
(Found C 39 . 4; H 5 . 3. ClsH 23 RuPF6 requires C 40.1; H 5.2.) 
( 60 %) . ( I R : 152 0 cm - I (w)) ; 
[ RuH (n 6 -ben zene) (2, 3-dimethylbutadiene) ] PF 6 (lISa) 
(Found C 35 . 4; H 4 . 1; P 7.S . Cl 2H17RuPF6 requires C 34.6; 
H 3 .9; P 7 . 6) (50 %); 
[RuH{HMB) {isoprene)]PF 6 (124) (Found C 41.7; H 6.1; 
P 6.9. CI 7H27 RuPF 6 requires C 42.S; H 5.7; P 6.5.) (50 %); 
152. 
[RuH(HMB ) ( 3-methylpenta-l , 3-diene)]PF 6 (130) 
(Found C 42 . 8 ; H 6 . 2 . Cl sH29RuPF6 requires C 44.0 ; H 5 . 9 . ) 
(55 %) ; 
[RuH(HMB) (2-methylpenta -l,3-diene)]PF 6 (127) 
(Found C 41 . 5; H 5 . 8. Cl s H29 RuPF6 requires C 44.0; H 5.9.) 
(60 %) ; 
[RuH (HMB) (dicyclopentadiene) ] PF 6 (168) (Found C 47.9; 
H 5 . 9. C22 H31 RuPF 6 requires C 48.8; H 5 . 8.) (45 %); 
The complexes Ru (HMB) (1 , 3-cyclohexadiene) and 
Ru (HMB) (1 , 5-cyclooctadiene) were also protonated using 
HBF4 , BF 3/H20 and BF ~E t 2 0. 
[RuH( n 6-mesitylene) (norbornadiene) ]PF 6 (l58c) 
HPF 6 (60 %, aq.) was added dropwise to a solution 
of Ru (n 6 - mesi tylene) (n 4 -norbornadiene) (0 . 1 g) in diethyl 
e ther (10 mL ). The r e sulting pale yellow precipitate was 
filter e d , wash ed with diethyl ether and dried in v acuo to 
g ive 0.09 g . (60 %) of the title complex. 
1540cm- 1 (m)J 
(IR (Nujol) : 
Ru(HMB) (n 4-n orbornad iene) , Ru(n6-~-xylene) (n4 _ 
norbornadiene) a nd Ru( n 6-benzene) (n 4-norbornadiene) gave 
similar yellow pre cipitat s on reaction with HPF6. 
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[Ru(nG-mesitylene) (norbornenyl) ]PF G (159c) 
[RuH (nG - mesitylene ) (norbornadiene ) ]PFG (158c) 
(O~l g) was dissolved in dichloromethane (20 mL) and allowed 
to stand at room temperature for one day. The solution was 
then filtered and diethyl ether was added to precipitate a 
pale yellow solid which was recrystallized from CH2Cl z/hexane 
to give yellow crystals of the title complex (0.025 g, 25 %) 
(Complete isomerization of 159c occurred but the low yield 
was due to concomitant decomposition . ) (IR (nujol) : 2010 (m), 
1530 (m, br) em-I) 
The hexame thylbenzene complex , [Ru(HMB) (norbornenyl)] 
PFG (159d) was prepared similarly from the product of 
protonation of Ru(HMB) (norbornadiene) except that the 
solution was allowed to stand for only 90 minutes . . (0.015 g, 
15 %) (IR: Nujol 1995 (m) , 1560 (v.w . , br) em-I.) (The low 
yield of 159d was due to concomitant decomposition and 
difficulties in the isolation of the product . )· The complexes 
[Ru (arene) (norbornenyl)] PFG (arene benzene, ~-xylene) were 
obtained in solution by dissolving the product of protonation 
of Ru (arene) (norbornadiene) (arene = benzene , ~-xylene) in 
dichloromethane . These complexes could not be Isolated due 
to their instabi lity. 
Reaction of [RuH(HMB) (cycloocta-l,5-diene)]PF G 
with sodium carbonate 
[RuH(HMB) (cycloocta-l , 5-diene) ]PF G (0 . 1 g) was 
added to a solution of sodium carbonate (0 . 5 g) in water 
(5 mL) . The mixture was stirred for 30 minutes and extracted 
J 
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with diethyl ether (3 x 10 mL) . The ether solution was 
then dried over anhydrous sodium sulphate and the solvent 
removed , in vacuo , to give the zerovalent ruthenium complex 
Ru(HMB) (1 , 2 :5,6-n -cyclooctadiene) (0.057 g , 80 %). 
Similarly , Ru(HMB) (1-4-n-cyclohexadiene) was obtained 
from [RuH (HMB) (cyclohexa-l, 3-diene) ] PF6 ; Ru (HMB) (1-4- n -5-
ethylcyclohexa-l , 3-diene) from [RuH(HMB) (5-ethylcyclohexa-l,3-
diene)]PF 6 ; Ru(n6 - mesitylene) (n 4 -norbornadiene) from 
[RuH (mesi tylene) (norbornadiene) ] PF 6 and Ru (HMB) (n 4 _ 
dicyclopentadiene) from [ Ru(HMB)(C10HI3)]PF6 (168). The 
norbornenyl complexes, [Ru(arene) '(C7H 9 )]PF6 (arene = C6Me6 , 
C6H3Me 3 ), did not react with sodium carbonate under the 
same conditions . 
[Ru (HMB) (l-3-n-cyclooctenyl) (CO)] PF 6 (155) 
[RuH(HMB) (cycloocta-l,5-diene)]PF 6 (0 . 15 g , 0 . 3 mmol) 
was dissolved in dichloromethane (10 mL) and carbon monoxide 
was bubbl ed through the solution for one hour . Diethyl 
ether was then added to precipitate the complex as a white 
solid which was recrystallized from CH 2C1 2/ether (0.12 g, 
76 %) • 
The following complexes were prepared similarly: 
[Ru(HMB) (n 3_ yn -l, 1, 3-trimethylallyl) (CO) ]PF6 (147), 
from [RuH(HMB) ( 2-methylpenta-l , 3-diene)]PF 6 (74 %); 
155. 
[Ru(HMB) (n 3-1,1,2-trimethylallyl) (CO) ]PF 6 (l43c), 
from [RuH(HMB) (2,3-dimethylbutadiene)]PF 6 (85 %) ; 
[Ru(n 6 -mesitylene) (n 3- 1 , 1,2-trimethylallyl) (CO) ]PF 6 
(l43b), from [RuH(mesitylene) (2,3-dimethylbutadiene) ]PF 6 (73 %) ~ 
[Ru (n 6 -be nzene) (n 3 -1,1, 2-trimethylallyl) (CO)] PF 6 
(143a), from [RuH(benzene) (2,3-dimethylbutadiene)]PF 6 (69 %); 
[Ru (l-LMB) (n 3 - anti , syn -l, 2 , 3-trimethylallyl) (CO)] PF 6 
(148), from [RuH(HMB) (3-methylpenta-l,3-diene) ]PF6 (71 %); 
[Ru(HMB) (n3 -1,1-dimethylallyl) (CO)]PF 6 (145) 
from [RuH(HMB) ( n4 -isoprene)]PF 6 (74 %). 
The complexes, [RuH(HMB) (1,3,5-trimethylcyclohexa-
1,3-diene)]PF 6 , [Ru(HMB) (tricyclo[5,2,1,0 2 , 6] decenyl)] PF 6, 
[RuH ( n 6 -mesi tylene) (norbornadiene) ] PF 6 , [Ru ( n 6 -mesi tylene) 
(norborneny l)]PF 6 and [Ru(HMB) (norbornenyl)]PF6 did not 
react with carbon monoxide when the gas was bubbled through 
dichloromethane solutions of the complexes for up to 24 hours 
at room temperature and atmospheric pressure. 
[Ru(HMB) (1--3-n -cyclohexenyl) (t-BuNC) ]PF 6 (l52b) 
~-BUNC (0.034 g , 0.4 mmol) was added to a solution 
of [RuH(HMB) (cycloh exa -l,3-diene)]PF 6 (0.1 g , 0.2 mmol) in 
dichloromethane (10 mL). The solution was stirred for 10 minutes 
156. 
and diethyl ether was added to precipitate the complex 
as a pale yellow solid which was recrystallized from 
CH 2C1 2/ether (0.5 g, 50 %). 
The following complexes were prepared similarly: 
[Ru(HMB) (l-3-11-cyclooctenyl) (~-BuNC) ]PF 6 (156c), 
from [RuH(HMB) (cycloocta-l,5-diene) ]PF 6 (72%); 
[Ru(1l 6 - mes itylene) (1-3-11-cyclooctenyl) (~-BuNC)]PF6 
(l56b), from [RuH(1l 6 - mes itylene) (cycloocta-l,5-diene) ]PF 6 
(68 %) ; 
[Ru( 1l6 -benzene) (l-3- 11 -cyclooctenyl) (~-BuNC) ]PF 6 
(l56a), from [RuH (1l 6 - benzene) (cycloocta-l,5-diene) ]PF 6 (65%); 
[Ru(1l 6-benzene) (l-3-11-cyclohexenyl) (~-BuNC) ]PF 6 
(l52a), from [RuH(1l 6-benzene) (cyclohexa-l, 3-diene) ]PF 6 (53%); 
[Ru (HMB) (l-3- 11 -5-ethylcyclohexenyl) (~-BuNC) ] PF 6 (154), 
from [RuH(HMB) (5-ethylcyclohexa-l,3-diene)]PF 6 (75%); 
[Ru(HMB) (1l 3-l,1,2-trimethylallyl) (~-BuNC) ]PF 6 (144), 
from [RuH(HMB) (2,3-dimethylbutadiene) ]PF 6 (76 %); 
[Ru(I-IMB) (tricyclo[5,2,1,02"decenyl) (~-BuNC)]PF6 
(l§.2), from [Ru(HMB) (tricyclo[ 5 ,2,1,0 2 , 6}:jecenyl)]PF6 (48 %) . 
157. 
Similar reactions of [RuH(HMB) (1,3,5-trimethyl-
cyclohexa-l,3-diene) ]PF G and [ Ru( HMB) (norbornenyl)]PFG 
with ~- BuNC gave brown oils from which no characterizable 
products were obtained. 
[Ru(HMB) (l-3-Il-cyclohexenyl) (P(OMe) 3) ]PFG (l53b) 
Trimethyl phosphite (0.05 g , 0.4 mmol) was added 
to a solution of [ RuH(HMB) (cyclohexa -l, 3- diene)]PFG (0 .1 g , 
0 . 2 mmol) in dichloromethane (10 mL) which was then stirred 
for five minutes . Diethyl ether wa s added to precipitate 
the complex as a pale yellow solid which was recrystallized 
from CH 2C1 2/ether as pale yellow needles (0.09 g, 75 %) . 
[Ru(HMB) (l-3-Il-cyclooctenyl) (P(OMe) 3) ]PFG (157) 
was prepared similarly from [RuH(HMB) (cycloocta-l , 5- diene ) ]PFG 
(70 %) and [Ru(Il G- benzene) (1-3-Il-cyclohexe"nyl) (P(OMe) 3 ) ]PF G 
(153a) from [ RuH(Il G-be nzene) (cyclohexa-l, 3- diene) ]PF G (62 %). 
The complexes [Ru(arene) (norbornenyl)]PF6 (arene = 
C GH3Me 3 , C6Me 6 ) do not react with one equivalent of 
trimethylphosphite . However , the reaction o~ these complexes 
with an excess of trimethylphosphite gave brown oils from 
which no characterizable products were obtained . 
ISS. 
Reaction of [RuH (HMB) (1,3, 5-trimethylcyclohexa-
1 , 3-diene) ]PF 6 with trimethylphosphite 
Trimethylphosphite (1 mL) was added to a solution 
of [RuH(HMB) (C 9H1 4 )]PF 6 (0.2 g) in dichloromethane and the 
mixture stirred for 1 hour. Ether was then added to 
precipitate a white solid which was identified by IH NMR 
spectroscopy as [Ru(HMB) (P(OMe) 3 ) 3] (PF 6) 2 (0.05 g) (IH NMR 
CD 2C1 2 ): 2.23 (q,lSH,JpH - l Hz) arene Me; 3.S5 (m,27H) OMe.) 
Preparation and Use of DPF6 
150 DPF 6 was prepared by the method used by Olah to 
prepare DBF 4 • Silver hexafluorophosphate (5 g) was dissolved 
in 0 20 (2 mL) . This solution was added dropwise to a 
solution of DCl (3.7 g , 20%) which had been cooled to OOC. 
The silver chloride formed was filtered off to give a 
solution of DPF 6 . This solution was reacted with Ru(HMB) 
(cyclohexa-l, 3-diene) , Ru (HMB) (cycloocta -1,5 -diene) , 
Ru(HMB) (norbornadiene) and Ru(HMB) (dicyclopentadiene) in the 
same manner as HPF6. ( 2H NMR (CH 2C1 2): [RuD(HMB) (cyclohexa-
1 , 3-diene) ]PF 6 ~1.6; [RuD(HMB)cycloocta-l,5-diene) ]PF6 ~6.4, 
2 . 2 ; [Ru(HMB) (d1-norbornenyl) ]PF6 62.4) 
159. 
CHAPTER 3. PROTONATION OF MONO-OLEFIN COMPLEXES 
3 . 1 INTRODUCTION 
Very few arene-ruthenium complexes containing 
mono-olefin ligands are known. 13 Werner et aL has prepared 
the ethylene complex [RuCl(n6-C6H6) (n 2-C 2H,.) ( PMe 3)]PF 6 
from the reaction of RuC12(n6-C6H6) (PMe3) with AgPF 6/acetone 
and ethylene (eq. 3.1). 
(i) AgPF 6 /acetone 
.. eq. 3.1 
(ii) ethylene 
by sodiumdihydronaphthylide in tetrahydrofuran to give the 
ze rovalent ruthenium complex RU( 1l 6 -C 6 H6 ) (1l 2 - C 2 Hlj) ( PMe 3) .13 
The reaction of [RuC12(HMB)]2 with sodium carbonate/ 
ethanol and ethylene gives the tan, air-sensitive bis(ethylene) 
Na 2C0 3/EtOH 
[RuC1 2 (HMB) ] 2 • 
ethylene 
86 (eq. 3.2). 
eq. 3.2 
More recently, the complexes Ru (arene) (n 2 -ethylene) (L) 
PMePh2 , P (OEt) 3 , P (~-Bu h) and Ru (HMB) (n 2_propene) (P (OPh) 3) 
have been prepared from the reaction of RuCh (arene) L with 
160 . 
ethyl Grignard reagent at - 78°C (eq. 3 . 3) .89 
RuC12 (HMB)L 
EtMgBr 
--------. Ru(HMB) (n 2 - e thylene)L 
-78°C 
eq. 3.3 
The olefinic tertiary phosphines ~-vinylphenyl-
diphenylphosphine (= sp) (183) and ~-ally~phenyldiphenyl-
phosphine (= ap) (184) form metal complexes in which they 
act either as unidentate ligands, bonding via the phosphorus 
atom or as a chelate with both the phosphorus atom and the 
olefin bonded to the metal atom . 1Sl 
183 184 
The reaction of [RuC1 2 (HMB)] 2 with sp and ap gives 
the complexes RuC12(HMB)L (L = sp,ap) containing unidentate 
h h ' l' d 89 P osp lne 19an s . Reaction of these complexes with ethyl 
Grignard reagent gives the zerovalent ruthenium complexes 
Ru(HMB)L (185 L = sp; 186 L = ap) in which the phosphine 
ligands are bonded t o the ruthenium by both the phosphorus 
atom and the olefin . 89 
161. 
185 
Ru 
Ph pi \ CH 2 I; 2 ~~ ,CH QlCH, 
186 
This chapter discusses the preparation of a number 
of arene-ruthenium(II) sp and ap complexes and the protonation 
3 . 2 Preparation of sp and ap complexes 
The reaction of sp with [RuClz(arene)]z (arene = 
C~ H 3 Me 3 ,C 6 H 6 ) ~ dichloromethane gives the orange complexes 
RuCl z (arene) (sp) (187a arene = C6H 6 i 187b arene = C6H3 Me 3)' 
187 (a) arene 
(c) arene = C6Me 6 
Th analytical , lH and l JC NMR data for these 
complexes are given in Tables 3 . 1 , 3 . 2 and 3.3 respectively. 
Por thes complex s (1 87a , 187b) the lH NMR spectra show 
162. 
resonances due to the olefinic protons H2 and H3 near 05.0 
and 5.6 respectively, virtually unshifted from the chemical 
shift of these protons in the free ligand, indicating that 
th 1 f · . d . d 15 2 , 15 3 e 0 e 1n group 1S uncoor 1nat e . The resonance 
due to HI is obscured by the phenyl resonance as in the 
spectrum of the free ligand. 1S2 The I3 C NMR spectra of 187a 
and 1~7b show a resonance attributable to the o lefinic 
carbon atom C2 at ab6ut 0115. The resonance due to the 
other olefinic carbon atom, CI, is obscured by the phenyl 
carbon resonances. The 3 I p NMR spectra of 187a and 187b 
show a downfield shift of the phosphor~s resonance on 
complexation from 0-13.8 for the free ligand to about 032 
for the complexes. The analogous rhodium complex 
RhC1 2 (ns-C sMe s ) (sp) is prepared similarly and has similar 
spectroscopic properties. 
• • 
The complexes RuC1 2 (C 6H3Me 3) (ap) s (188) and RhC12( n -
CsMes) (ap) can be prepared from the reaction of the corresponding 
dichloride dimer and ap. The complexes contain unidentate 
ap, bonded to the metal only by the phosphorus atom as is 
shown by the small cha ng e in proton chemical shift of the 
resonances due to the ole f inic protons HI , H2 and H3 on 
complex ation. 
188 
163. 
The lH NMR spectrum of the free ligand shows a two 
proton multiplet at 8 4.94 and a one proton multiplet 
t ~ 5 85 d t H d H t ' 1 154 h a u . ue 0 2 ' 3 an 1 respec lve y. T e spectrum 
of 188 shows the corresponding resonance s at 84.77 and 5.01. 
The l 3C NM R spe ctra o f the ap complexes show a resonance 
near 8 40 due to the methylene carbon (C l ) and a resonance 
near 8116 due to C3 . The resonance due to C 2 is assumed 
to be obscure d by the phenyl resonances. 
Treatment of the sp complexes RuC1 2 (arene) (sp) 
in aceton e r e sults in chloride abstraction and the 
coordina ti o n of the o lefin g roup to g ive the chelating 
mono-ol e fin complexes [RuCl(arene) (Sp)]PF 6 (189a arene 
C6Me 6 ; 189b arene = C6H3Me 3) and [RhCl( ns -C sMe s ) (sp)]PF 6 . 
1 8 9 (a ) a r e ne = C6Me6 
Th e coo rdinatio n of the olefin group to the metal 
is sh own b y t h e large up f i e ld shift of the olefinic protons 
HI, H2 a nd H3 in the IH NMR spectra of the complexes. The 
spectrum o f th e hexame thylbe nzene complex 189a shows two 
164. 
broad doublets at 04.36 and 3.60 due to H2 and H3 respect-
ively and a doublet of doublets at 05.83 due to HI' 
Phosphorus coupling to the olefinic protons is small and 
results only in slight broadening of the peaks. The 1 3C 
NMR spectra of these complexes show two resonances assignable 
to the olefinic carbons, both shifted upfield in comparison 
with the unidentate sp complexes, consistent with the 
coordination of the ' olefin group. 
In contrast to the reaction of the sp complexes with 
AgPF 6 , the ap complexes RuC1 2 (arene) (ap) (arene = C6Me 6 , 
C6H3Me 3) react with AgPF 6 to give unstable products which 
could ' not be characterized. 
The zerovalent complex Ru(HMB) (sp) (185) can be 
prepared in low yield from the reaction of RuC12(HMB) (sp) 
with sodium carbonate and 2-propanol. It is however best 
prepared from the reaction of RuC1 2 (HMB) (sp) with ethyl-
, b 'd ' t 1 89 magneslum roml e ln 0 uene. The analogous rhodium 
complex Rh(n s-CsMes) (sp) (190) can be obtained either from 
the reduction of RhC1 2 ( ns -C sMes ) (sp) with sodium amalgam 
in tetrahydrofuran or from the reaction of RhC1 2 ( ns -Cs Me s ) (sp) 
with ethylmagnesium bromid~ as an orange air-sensitive solid. 
190 
165 . 
The complex 190 contains chelating sp as shown by 
the upfield shifts of the olefinic protons in the IH NMR 
spectrum when compared with the chemical shift of the 
olefinic protons in the free ligand. The spectrum shows 
a doublet of triplets for HI at 03.52 ( 3J
Rh
_
H 
= 2.5 Hz), 
a broad doublet for H2 at 0 2.13 and a multiplet for H3 at 
01. 33. 
3.3 Protonation Reactions 
The r eac tion of the sp complex Ru(HMB) (sp) (185) 
with HBF4 or HPF 6 gives unstable white salts which IH 
NMR spectroscopy shows to be mixtures of two products in 
the ratio of 4:1. In both cases the major component is 
the hydrido cation [RuH(HMB) (sp)]+ (191). 
191 
The IH NMR spectrum of [RuH(HMB) (sp) ]BF4 shows a 
doublet at 0-8.9 2 ( 2J PH = 32 Hz) due to the hydride proton, 
a multiplet at 04.18 due to HI and a broad doublet at 02 . 59 
1660 
due to H2 o The resonance due to H3 is assumed to be 
obscured by the methyl resonance. The chemical shifts 
of HI and H2 are consistent with the presence of a 
coordinated olefin group. The I 3e NMR spectrum of 191 
shows two olefinic carbon resonances at 664.1 (e 2 ) and 
109.8 (e l ), each of which shows a small coupling with 31p . 
The chemical shifts of these resonances and the observed 
phosphorus coupling are consistent with the presence of a 
d · d 1 f' 155 coor lnate 0 e In. The presence of a metal-hydride is 
also indicated by the observation of a weak v (Ru-H) 
absorption at 2050 cm- I in the IR spectrum of 191. Although 
the IH and 1 3e NMR spectra of [RuH(HMB) (Sp)JBF 4 indicate 
that this complex is not fluxional on the NMR timescale, 
the IH NMR spectrum of the major product of the reaction of 
Ru(HMB) (sp) with DPF 6 still shows the resonance due to the 
hydride proton, although much reduced in intensity. This 
suggests the possibility of a slow exchange of the hydride 
proton between the ruthenium atom and the olefin group. 
The presence of the second product in the reaction 
of Ru(HMB) (sp) with HBF4 or HPF 6 is shown by the observation 
of a second hexamethylbenzene singlet at 6 2.02 in the IH NMR 
spectrum. No other resonances due to this complex were 
detected and it could not be identified. 
The I H NMR spectrum of a solution of Ru(HMB) (sp) 
in trifluoroacetic acid shows that the hydride complex 191 
is formed . However , under these conditions the complex 
rapidly d composes . 
167. 
The hydride complex 191 does not react with carbon 
monoxide at room temperature and atmospheric pressure. 
It reacts with tert -butylisonitrile but no characterizable 
product could be obtained. The reaction of 191 with sodium 
carbonate results in loss of the hydride proton to give 
the zerovalent ruthenium complex Ru(HMB) (sp) (l85). 
The complex, Rh(ns-CsMes) (sp), reacts with a 
stoichiometric amount of HCl to give the a-alkyl complex 
192 as air stable red crystals. 
192 
The addition of the proton to the B-carbon atom of the 
. 
olefin is indicated by the presence of a methyl doublet 
at 0 2.19 in the IH NMR spectrum. The methine proton appears 
as a co~plex multiplet at 04.34. The 31 p decoupled 13 C 
NMR sp ctrum shows a methyl resonance at 02 4.1 and a doublet 
In (JC- Rh = 93.8 Hz) for the methine carbon atom at 033.4 . 
contrast, reaction of Ru(HMB) (sp) with HCl does not give a 
characterizable product. 
168. 
The bis(ethylene) complex Ru(HMB) ( 1l2 _C 2H4 ) 2 (193) 
reacts with HPF 6 to give the pale yellow complex _ 
[RuH(HMB) (C 2 H,,) 21PF 6 (194). Although satisfactory analytical 
data could not be obtained for 194, the complex was 
characterized by IH and 1 3 C NMR spectroscopy. The complex 
194 is air-sensitive and decomposes slowly in dichloromethane 
solution at room temperature even under an ethylene or 
nitrogen atmosphere. It could not be recrystallized without 
decomposition. 
193 194 195 
The IH NMR spectrum of 194 at - 86 oC shows a singlet 
at 02 .07 due to the arene methyl protons, multiplets at 
01.53, 1.25 and 0.59, each corresponding to two protons, 
and a multiplet at 0-11.25 corre sponding to one proton. 
The two remaining protons appear to be under the arene 
methyl resonance . At room temperature the four multiplets 
have collapsed into the baseline. o At 80 C, although 
decomposition is occurring, the spectrum shows a multiplet 
at 00.08 corresponding to nine protons. The 1 3 C NMR spectrum 
169 . 
. at -93
0
C shows two carbon resonances due to the ethylene 
ligands at 622 .6 and 40.S. At room temperature these 
resonances have collapsed to a single resonance at 634 . 3. 
The IR spectrum of 194 does not show a band assignable 
to v (Ru-H) in the region 1500-2500 cm- 1 • On reaction with 
sodium carbonate in water , 194 regenerates the zerovalent 
ruthenium complex 193. Preliminary experiments show that 
194 reacts with ligands such as carbon monoxide and 
trimethylphosphite but no characterizable products have 
yet been obtained . 
These results suggest that a rapid transfer, on the 
NMR timescale , of the hydride proton between the ruthenium 
atom and the ethylen e ligand occurs, via an intermediate 
ethyl complex. This exchange results in the equilibration 
of all the ethylene protons and the hydride proton, giving 
rise to the nine-proton multiplet at 60.0S in the IH NMR 
spectrum of 194 at SOoC . The IH and 1 3C NMR spectra of 
194 at -S6 oC are consistent with the proposed hydride 
structure. That the fluxional behaviour observed for 194 
is not due to an intermolecular process involving loss of 
ethyl ne is shown by the IH NMR spectrum of a solution of 
194 saturated with ethylene . The resonance due to free 
ethylene is unaffecte d by the presence of the complex. 
Th fluxional behaviour proposed for complex 194 
is similar to that observed for the mono (ethylene) complexes 
[RulI( n 6- 6H6 ) ( n 2 -ethylen ) (PMe3) ] PF 6 (eq . 3 . 4) 13 and 
170. 
5 + [ Rh (Tl -C 5 H 5 ) (C 2 H 5 ) (PMe 3 ) ] 
156 (eq. 3 . 5) . 
Eq. 3.4 
Eq. 3.5 
In the present case, however, two ethylene molecules , 
both ci s to the hydride ligand, are involved in the exchange. 
The fluxional behaviour observed for 194 illustrates the 
reversible insertion of an olefin into a Ru-H bond - a process 
which is thought to be important in many reactions catalysed 
by transition metals e . g . olefin isomerization. 97 
3 .4 Experimental 
Details of physical measurements are given in the 
experimental section of Chapter 2. Analytical data , IH and 
13 C NMR data are given in Tables 3 . 1, 3.2 and 3.3 respectively. 
The complexes [RuC1 2 (arene)] 2 (arene = C 6 H 6~6H3Me 3 , 
, 148 85 C6Me 6 ) were prepared by Ilterature methods. ' Samples 
of sp157 a nd ap158 were obtained from H. Neumann . 
Preparations 
This complex was prepared by a method which has 
'1 ' 159 been mentioned by Malt lS. 
171. 
RhC1 3 (2 g) was heated at 60 0 c in methanol in the 
presence of pentamethylcyclopentadiene (2 mL) for 2 hours. 
Th e resulting red precipitate was filtered , washed -with 
methanol and ether and dried in vacuo (1.8 g , 70 %) . 
RuC1 2 (mesitylene) (sp) (l87b) 
[RuC1 2 (me sitylene)] 2 (0 . 2 g , 0 . 34 mmol) and sp (0 . 195 g, 
0 . 68 mmol) were stirred in dichloromethane (25 mL) for 12 hours. 
The reaction mixture was then filtered and the resulting orange 
solution was concentrated , in vacuo to 5 mL. Hexane (30 mL) 
was then added to precipitate the complex as red crystals 
which were recrystallized from dichloromethane/diethyl ether 
and dried in vacuo (0.2 g, 50 %) . 31p NMR (CH 2C1 2 ) : 034.3 . 
Similarly prepared fr om [RuC1 2 (arene)] 2 and the 
appropriate phosphine were: 
RuC1 2 (HMB) (sp) (187c)89 as pink-brown crystals (54 %). 
31p NMR (CH 2C1 2): 03 3 .1; 
RuC1 2 ( n6 - C6Hd (sp) (l87a) as a yellow solid (43 %) . 
31 p NMR (CI-h Ch ): 03 2.2; 
RuC1 2 (HMB) (ap) 89 as a brown solid (52 %); 
RuC1 2 (n 6-C 6H3Me 3) (ap) (188), as an orange powder (45 %). 
3 1p NMR (CH 2C1 2): 03 0 . 6; 
172. 
t he appropriate phosphine were : 
RhC12(llS - C sMes ) (sp) , as an orange solid (40 %) . 
31 p NMR (CH 2C1 2) : 8 31.4 (d , J Rh _P = 147 Hz); 
RhC1 2 (ll s - Cs Me s) (ap) , as red crystals (46%) . 
3 l
p NMR (CH 2C1 2 ) : 8 30 . 5 (d , J Rh - P = 144 Hz) . 
Preparation of [RuCl( 1l6 -C 6Me 6 ) (SP)]PF 6 (lS9a) 
RuCldHMB) (sp) (0 . 19 g , 0 . 3 mmol) was dissolved 
in acetone (20 mL) . AgPF6 (0 . 076 g , 0 . 3 mmol) was added 
and the mixture stirred for fifteen minutes at room 
temperature . The resulting precipitate of AgCl was filtered 
off to give a yellow solution which was concentrated to 5 mL . 
Ether (30 mL) was added to precipitate the complex as a 
yellow solid which was recrystallized from dimethyl s ulphoxide/ 
methanol/ether (O . OS g , 36 %) . 3 1 P NMR (CH 2 C 1 2) : 857 . 9 , s P i <5 ' 
1 -144 (Septet , J pF = 723 Hz)PF 6 . 
The following complexes were prepared similarly but 
were recrystallized from dichloromethane/ether : 
(45 %) . 
[RuCl ( 1I l' -C Gl-hMe3 ) (sp) ]PF 6 (!...§.9b) , as a yellow solid 
31 p NMR (CH 2C1 2) 856 . 7 SPi PF6 - not measured; 
[RhCl( llS -C sMe s ) ( sp) ]PF 6 , as a yellow solid (42 %) . 
3 1p NMR (CH 2C1 2 ) : 850.5 (d , J p _Rh = 144 Hz) SPi 8144 (septet , 
IJpF = 719 Hz) PF G . 
173. 
The reaction of AgPF 6 with the ap complexes 
RuC1 2 (arene) (ap) (arene = C6Me6 ,C 6H3Me3) gave unstable 
products which could not be characterized . 
(a) RhC1 2 (l1S-CsMes) (sp) (0 . 2 g, 0.33 mmol) was stirred 
with excess 1% sodium amalgam for two hours in tetrahydrofuran 
(30 mL), under a nitrogen atmosphere . The reaction mixture 
was then filtered and the solvent was removed in v acu o . 
The residue was extracted with n-hexane. Evaporation of 
the solvent gave an orange solid which was recrystallized 
o from n-pentane at -78 C. (0 . 88 g , 50 %) . 
deoxygenated toluene (3 mL) under a nitrogen atmosphere. 
The suspension was then cooled to -78 oC. Freshly prepared 
EtMgBr (0 . 66 mmol) in ether (1 mL) was added to the mixture 
which was stirred at -78 oC for five minutes . The mixture 
was then allowed to warm to room temperature and was stirred 
at this temperature for one hour. After this time the 
mixture was cooled again to -78 oC and methanol was added 
to destroy any unreacted Grignard reagent . The solvent was 
then remove d , in vacuo , at room temperature and the residue 
was extracted with n-pentane , (40 mL) . Concentration of the 
o 
solution and cooling to -78 C gave the complex as an orange 
solid (0 . 11 g , 60 %). 
174. 
Preparation of Ru(HMB) (sp) (185) 
(a) RuC1 2 ( HMB ) (sp) (0.2 g) was added to 2-prop<;lnol 
( 25 mL) under a nitrogen atmosphere . Sodium carbonate 
(0.2 g) was added to the reaction mixtur e which was then 
o 
heated at 80 C for two hours . The solvent was then removed, 
in vacuo , and the residue was extracted with pentane. 
Removal of the solvent gave the complex as a yellow solid. 
(0 . 02 g , 11 %) . 
(b) This complex is best prepared from the reaction of 
RuC12(n6 -C 6Me 6 ) (sp) with EtMgBr . 89 
Protonation of Ru(HMB) (sp) 
HPF 6 (aq) was added dropwise to a solution of 
Ru (HMB) (sp) (0.1 g) in diethyl ether (10 mL) at room 
temperature under a nitrogen atmosphere . The reSUlting 
white precipitate was filtered off and dried in vacuo (~.09 g) . 
NMR spectroscopy showed that the precipitate contained two 
complexes in the ratio of 4 : 1 . The major product was 
identified as [RuH(HMB) (Sp)]PF 6 (191) (3J p NMR (CH 2C1 2 ) : 
059 . 5, sp io144 . 3 (septet J pF = 713 Hz) PF 6-). The minor 
product ( 31 p NMR: 069.4) was not identified. (Anal . Found : 
C , 53 . 7; II 5 . 1. C 32H36RuP 2F6 requires: C , 55 . 1i H 5 . 2.) 
The reactions of Ru(HMB) (sp) with HBFq and DPF 6 
wer e carried out similarly. 
175. 
Reaction of [RuH (HMB) (sp) ] + wi th base 
[RuH(HMB) (sp) ]PF 6 (0.1 g) was stirred with ·sodium 
carbonate in tetrahydrofuran for twelve hours under a 
nitrogen atmosphere. The solvent was then removed, ~n vacu o , 
and the residue extracted with n-hexane. Evaporation of 
the solvent gave Ru (HMB) (sp) (0.05 g , 63%). 
Reaction of [RuH(HMB) (sp)]+ with carbon monoxide 
Carbon monoxide was bubbled through a solution of 
[RuH(HMB) (Sp)]PF 6 (0.05 g) in dichloromethane (20 mL) for 
24 hours. Addition of ether precipitated a white solid 
which was identified by proton NMR spectroscopy as unreacted 
starting material . 
Reaction of [RuH(HMB) (sp)]PF 6 with t-BuNC 
[RuH(HMB) (sp)]PF 6 (0.1 g) was reacted with t-BuNC 
(.02 g) in dichloromethane (10 mL) . After fifteen minutes 
ether was added to precipitate a white solid which IH NMR 
spectroscopy showed to be a mixture of four complexes. 
This reaction was not pursued further. 
I ---, 
Pr p rati o n of Rh( lls -C sMe s ) (PPh 2C6H4CHCH3)Cl (192) 
Acetyl chlorid e (0.012 g , 0.15 mmol) and methanol (1 mL) 
were added to a solution of Rh(TJs-C sMes) (sp) (0.08 g, 0.15 
mmol) in pentane (20 mL) . After the solution had been 
176 . 
. stirred for ten minutes at room temperature the solvent 
was removed s l owly to give orange crys t a ls of the complex 
(0 .05 g , 53 %) . 
A similar reaction using Ru(HMB) (sp) gave a product 
which could not be identified . 
Freparation of Ru(HMB) (n 2- ethylene)2 (193) 
This complex was prepared by the method of Bennett 
86 
and Matheson . 
[RuC1 2 (HMB)] 2 (0 . 2 g) and sodium carbonate (0 . 2 g) 
were refluxed in 2-propanol for two hours while ethylene 
was bubbled through the solution. The solvent was then 
removed in vacuo and the residue extracted with n - pentane 
(30 mL) . Removal of the solvent gave the complex as a pale 
yellow solid which could be recrystallized from n - hexane 
o 
at -78 C . (Yield 0 . 08 g, 40 %.) 
Protonation o f Ru (HMB) (C 2H4) 2 
Ru (HMB) ( n 2 -C 2H4) 2 (0 . 1 g) was dissolved in ether 
under a nitrogen atmosphere . HPF 6 (aq) was then added 
dropwis t o the s olution to precipitate the pale yellow 
comple x [RuH(HMB) (C 2H4h]PF 6 (194) (0 . 1 g , 70 %) . It was 
not p o ssibl e to recrystallize this complex due to its 
instability in solution. (Anal . Found: C, 39 . 6 ; H, 5 . 7; 
177 . 
. p 7.1; Ru 21 . B. C1 6H2 7RuPF 6 requires C, 41.3; H, 5.B5; 
P, 6.7; Ru, 21.7. IH NMR (CD 2C1 2): -B6 oC 62. 07 (s,lBH) Me ; 
-11.25 (m,lH) RuH; 0.59 (m,2H), 1.25 (m,2H), 1.53 (m,2H) 
ethylene protons (the remaining two protons are located 
under the methyl resonance) . o BO C 61.90 (s,lBH) Me; O.OB 
(m,9 H) RuH , C2H.. . 1 3 C NMR (CD 2C12): -90oc 6105.6 ~Me; 
15.2 Me; 22 .6, 40.B ethylene carbon atoms. 25 0 c 6107.2 C~ e ; 
16.0 Me; 34.3 ethylene carbon atoms) 
sodium carbonate (0.5 g ) in water (5 mL) for 30 minutes 
under a nitrogen atmosphere. The mixture was then extracted 
with ether. The ether layer was separated and dried with 
anhydrous sodium sulphate . The ether was then removed in 
vacu o to give a pale yellow solid which was identified 
by NMR spectroscopy as Ru(HMB) (1l 2-C 2H,, ) 2 (50 %). 
TAB LE 3 .1 
Analy tical Data for Olefinic Tertiary Phosphi n e Compl exes 
Complex a 
Analyses : Found (calculated) % 
mp 
°c C H Cl P MWb 
RuC12 (C 6H3Me 3 ) (sp) 187b ) 185 59 . 8 (60.0) 5 . 2 ( 5 . 0) 1 2 . 7 (12 . 2) 5 . 0 ( 5 • 3) 593 (581 ) RuC1 2 (C 6H6 ) (sp) (187a ) 20 8 57 . 8 (58 . 0) 4 . 4 (4 . 3) 13 . 2 (1 3 . 2) 5 . 6 ( 5 . 8) 5 51 (538) 
RhC1 2 (CsMes) (sp) 202 e 60 . 4 (6 0 . 3) 5 . 4 (5 . 4) 12 . 2 (11.9) 5 . 2 ( 5 . 2) 604 (597) 
RuC1 2 (C 6H3Me 3) (ap) (188) 186 e 60 . 6 (60 . 6) 5.2 ( 5 . 3) 12 . 1 (11.9) 5 . 3 ( 5 . 2) 
f-' RhC1 2 (C sMe s) (ap) 234 e 
6 18 (611 ) -...J 
61.1 (60 . 9) 5 . 8 ( 5 . 6 ) 11.8 (11. 6) 4.9 (5 .1 ) 00 [RuCl (HMB) (sp)] PF6 (189a) 228 52.2 (52.5) 4 . 9 (4 . 8) 5 . 2 (4 . 8 ) 8 . 6 (8 . 5 ) 
[RuCl(C 6H3Me 3 ) (sp) ]PF 6 (18 9b) 215 50 . 2 (50 . 5) 4 . 3 (4 . 2) 5 . 4 (5 . 1) 9 . 1 ( 9. 0) 
[RhCl(C sMe s ) (sp) ]PF 6 136 51.2 (51.0) 4 . 6 (4 . 6) 5 . 1 (5. 0) 9 . 0 ( A. 8) 
Rh(CsMe s ) (sp) (1 90)c 6 8 . 4 (68 . 4) 6 . 4 ( 6 . 4 ) 5 . 6 (5 . 9 ) I 
(563)d 
RhCl(C sMe s ) (PPh 2 (C 6 H4 CHCH 3» (192) 158 63 . 8 (64 . 0) 5 . 9 (5 . 9 ) 6 . 4 (6 . 3) 5 . 7 ( 5 . 5 ) 540 
(a) Decomposes without melting , unless oth erwise stated . 
(b) Mea s ured i n CH 2C1 2 unless otherwise stated . 
(c) M+ == 526 . 
(d) Mea s ured i n C 6H6 . 
(e) Melts . 
Complex 
RuC12 (C6H3Me 3 ) (sp) (1 8 7b)e 
RuC1 2 (C 6H6 ) (sp) (l87a) f 
RhC1 2 (CsMes) (sp) f 
[RuCl (HMB) (sp)] PF 6 (l89a)g,i 
[RuCl(C 6H3Me 3 ) (sP)]PF 6 
f [RhC1(C sMe s ) (SP)] PF 6 
h Rh (CsMes) (sp) (190) 
(189bt , i 
TABLE 3 .2 
1 a H NMR Data for some ap and sp Complexes 
Chemical Shifts( o )b 
Arene Protons 
4.70 (s , 3H) CH" 
1. 96 (s, 9 H) Me 
5 . 42 (s,6H) CH 
1. 33 (d, ISH) Me 
2 . 85 (s,18H) Me 5.83 
5.70 (s, 3H) CH 5 . 67 
2 . 03 (s , 9H) Me 
HI 
d 
d 
d 
(m) 
(m) 
Olefinic Protons 
H2 
5 . 04 (dd) 5 . 69 
5.18 (dd) 5.75 
4 . 90 (dd) 5.51 
H3 
(dd) 
(dd) 
(dd) 
4 . 36 (br d) 3 . 60 (br d) 
5 . 48 (m) 3 . 69 (dd) 
Coupling Constants (J)c 
-.... 
J 23 J 12 J 1 3 Others 
1. 5 11. 0 16 . 0 
1.0 12 . 0 17 . 0 
1.0 11.0 16.0 PMe 3 
<1 9.0 12. 0 PMe 0.75 
2 . 0 9.0 13 .0 
1.58 (d,15H) Me 6.43 (m) 4 . 78 (br d) 4 . 50 (br d) <1 10 . 0 14 . 0 Rh-H I 2 
1.67 (d,15H) Me 3 . 52 (dt) 2 . 13 (dd) 1.33 (m) 8 . 0 H.O 
P - Hl 1.5 
PMe 3 
RhHl 2 . 5 
RhH 2 1 
PH 2 1 
PMe 2 
...... 
-....J 
\D 
Complex Chemical Shifts(6)b Coupling Constants (J)c 
[RuH(HMB) (SP)] PF 6 (191)f,k 
r -----. 
RhCl (CsMes) (Ph2P (C6H" CHCH 3)) 
(192)h,1 
f m RUC12(C6 H3Me3) (ap) (188) , 
f n RhC12 (CsMes) (ap) , 
Arene Protons 
2.12 (s, 18H) Me 
1. 37 (d,15H) Me 
1. 98 (s,9H) Me 
4.57 (s,3H) C!:! 
1.33 (d,15H)Me 
Olefinic Protons 
Hl H2 H3 ' J23 J 1 2 J 1 3 Others 
4.18 (m) 2.59 (br d) j 9.0 P-RuH 32 
4.34 (m) PMe 3 
CH-Me 6 
5.01 (m) 4.77 (m,2H) PMe 4 
5 . 00 (m ) 4 . 7 5 (m, 2H) CHMe 6 PMe 4,CHMe 6 
(h) In C 6D 6 . (a) Protons numbered as in structural formulae, aromatic 
resonances appear as complex multiplets in the range 
66.8-8.5. (i) Olefinic resonances are broad and are 
(b) In ppm downfield from internal TMS. 
sharpened slightly on 31 p decoupling. 
(j ) Obscured by arene resonance . (c) In Hz. 
(k) RuH 6-8 .92 (d) . (d) Obscured by aromatic resonances. 
(1) Me 62.19 (d,3H). (e) In CDC1 3 . 
(m) CH2 62 . 96 (d,2H) . (f) In CD2C1 2 . 
(g) In d 6-DMSO. 
(n) CHz 62.93 (d,2H) 
f-' 
co 
0 
. 
TABLE 3 .3 
I 3C NMR Data for some sp and ap Complexes a 
Complex 
Chemica l Shifts( o )b Coupling c 
Ar e n e Resonanc e s Ole f inic Resonances Constants (J) 
CH CMe Me C 1 C 2 C 3 
RuC1 2 (HMB) ( sp) (l87c) 96 . 9 15 . 2 d 115 . 1 
RuC1 2 (C 6H3Me 3) (sp ) (1 8 7b ) e 85.3 105.2 ( d) 1 8 . 4 (q) d 115 . 3 ( t) 
RuC1 2 (C 6H6 ) (sp) (1 8 7a ) 89 . 7 115 . 7 P -~ 6 H6 3 . 9 I-' d 00 
I-' RhC 1 2 (C sMe 5) (sp) 99 . 5 9.1 d 115 . 6 Rh -~sMes 5 . 9 
RuC1 2 (HMB) (ap) 96 . 2 14 . 9 39 . 9 d 116 . 5 P - C 1 3 .9 
RuC1 2 (C 6H3Me 3 ) (ap) (1 8 8)e 84 . 9 (d) 104.9 ( s) 18 . 6 (q) 40.1 (t) d 116 . 6 (t) P -C I 3 ; P-CH 7 
-RhC1 2 (C sMe s ) (ap) 99.5 9.0 39 . 9 d 116. 6 Rh -~sMes 7 . 8 
[ R uC 1 (HMB) (s p) ] PF 6 (l 8 9a) 107 . 4 15.2 85 . 3 72.8 
[RuC1(C 6H3Me 3 ) (Sp ) ]PF 6 (1 8 9b) 97.5 111. 5 18 . 3 87.3 69.3 
[RhCl(C sMe s ) (Sp)]PF 6g 107.1 9 . 5 100.7 87.6 Rh -~ sMe 5 6 . 1 , 
I 
RhCl (C sMe s ) (Ph 2P (C 6H4CHMe ) ) 98 . 5 8 . 6 33 . 4 24.4 Rh-C sMe s 6 . 0 (192)f 
Rh-Cl 93 . 8 
[RuH (HMB) (sp) ] PF 6 ( 191) 110.0 17 . 0 109.8 64.1 P-Cl 3 . 9 
P-C 2 5.8 
(a) Measured at 15 . 04 MHz in C0 2C12 . Carbon atoms are numbered as in 
structural formulae . Aromatic carbon atoms appear as a complex 
multiplet 0120-150. 
(b) In ppm downfield from internal TMS . 
(c) In Hz . 
(d) Obscured by aromatic resonances. f-' 
(e) Multiplicity of resonance in proton-coupled spectrum given in 
parenthesis. 
(f) In C 6 0 6 . 
(g) Olefinic carbon resonances are broad due to both 3 1 p and l0 3 Rh coupling . 
ro 
f\J 
183. 
CHAPTER 4 . O-XYLYLENE COMPLEXES OF RUTHENIUM 
4.1 Introduction 
The arene-ruthenium dichloride dimers [RuC1 2 (~6_ 
arene)]2 have proved to be exceedingly useful precursors 
160 for a wide variety of arene-ruthenium complexes. 
They readily undergo cleavage of the chloride bridges 
with a wide variety of ligands to give the monomeric 
complexes RuC12 (n 6-arene)L (e.g. L = PR3,AsR3,pyridine, 
DMSO) 160 (eq. 4. 1) . 
L 
----- ..... RuC12 (n 6-arene) L 
L = PR 3 ,AsR 3,pyridine ,DMSO etc. 
eq . 4.1 
Halide abstraction from [RuC12(arene)]2 (arene = 
the acetone complexes [Ru (n 6 -arene) (acetone) 3 j X'2 (X = 
BF 4 - , PF 6-) in solution (eq. 4.2).161 
acetone 
[Ru ( ~ 6 -arene) (CI-I 3 COCH 3 ) 3] ( PF 6) 2 eq. 4.2 
The labile acetone ligands are readily replaced 
by other ligands e.g . DMSO, pyridine , MeCN or PhCN (eq . 4.3) .162 
L = MeCN,PhCN,pyridine,DMSO 
184. 
When [Ru (HMB) (CH 3COCH 3) 3] (PF 6 ) 2 reacts with 
tr imethylphosphi te at aOc [Ru (HMB) (P (OMe) 3) 31 (PF Gl 2 can 
be obtained although in low yield . 162 Halide abstraction 
from [RuC1 2 ( ~6 -arene)] 2 with silver nitrate gives 
contains both bidentate and unidentate nitrate ligands 
162 (eq. 4. 4) . 
eq. 4.4 
The complex, Ru(N0 3 ) 2 (HMB), reacts with carbon 
monoxide or triphenylphosphine to give the neutral 
complexes Ru(ON0 2 ) 2 (HMB)L (L = CO, PPh 3 ) which contain 
two un identate nitrate ligands (eq . 4.5), whereas under 
the same conditions trimethylphosphite or dppe give the 
cationic complexes [Ru(ON0 2 ) (HMB)L2]N03 
dppe) 162 (eq. 4 .6). 
Ru (N03 ) 2 (HMB) ___ L______ Ru(ON02)2 (HMB)L 
L = CO , PPh3 
Ru (N03 ) 2 (HMB) 
L 2 = 2P(OMe) 3 ,dppe 
(L 2 = 2P (OMe) 3 , 
eq. 4.5 
eq. 4.6 
The monomeric complexes RuC1 2 (n 6-arene) (p(a1e)3) 
(arene = CGH6 , C6Me G) undergo halide abstraction with NH4PF6 
in the presence of trimethylphosphite to give the 
6 162,163 bis(phosphite) complexes [RuCl(n -arene) (P(OMehh]PF 6 . 
185. 
Preliminary , unpublished work by T . W. Turney162 
showed that the hexamethylbenzene complex [Ru(N03) (HMB) 
(P(OMe) 3) 2 ]N0 3 is reduced by potassium amalgam in tetra-
hydrofuran in the presence of additi onal trimethylphosphite 
to give a product formulated as the substituted ~-xylylene 
complex (~-xylylene = 5,6-bis (methylene)cyclohexa-l, 3-diene) 
R u ( P ( OM e ) 3 ) 3 ( n 4 -C 1 2 H 1 6) (1 96 ) . 1 6 2 
H2 
~ ~Hl 
- Ru (P(OMe)3)3 
~Hl 
H2 
196 
This chapter discusses the preparation of this 
and some related c omplexes . ~-Xylylenes are unstable 
species which have b e en used as intermediates in a variety 
of orga nic syntheses, being produced in s itu by the 
164 thermolysis o f ben z ocyclobutenes. ~-Xylylene can be 
stabi~ized by coordination to a transition metal, as in 
Fe (CO) 3 (~-xylylene) (197) which lS prepared by the reaction 
of 1,2-di(bromomethyl)benzene with Fe(CO) s 165 or with 
Na 2Fe(CO) 4 . 166 
H2 
~ Hl 
- -Fe (CO )3 
~Hl 
197 
186. 
During the course of this work Cole-Hamilton et al 167 
published the preparation of the Q-xylylene complexes 198a, 
198b. These complexes are obtained from the reaction of 
RuC1 2L4 (L = PMe2Ph,PPh2Me) with Q-MeC 6 H4 CH 2MgBr. 
198 (a) L = PM e 2 Ph 
(b) L = PPh 2Me 
4 . 2 Preparation of ruthenium(II) complexes 
The dichloride dimer [RuC1 2 (HMB)]2 reacts with 
PMe2Ph and P(OCH 2 ) 3CMe to give red, air-stable monomeric 
complexes RuC1 2 (HMB)L (L = PMe2Ph ,P(OCH 2) 3CMe) . The lH 
NMR spectra of the complexes show a singlet for the methyl 
protons of the arene . The spectrum of the dimethylphenyl -
phosphine complex shows a six-proton doublet at 01.66 
arising from the phosphine methyl protons. The spectrum 
of the P(OCH 2 ) 3CMe complex .shows a doublet at 04 .30 due 
to the methyl ne protons of the phosphite and a singlet 
at 0 0.79 due to the methyl group of the phosphite ligand . 
The complex [RuC1 2 (Q-xylene)]2 reacts similarly with 
trimethylphosphite to give the red complex RuC12(Q-xylene) 
(P (OMe)3) . The 1 I-I NMR spectrum shows a doublet at 03.81 
(JpH = 10 Hz) due to the phosphite methyl protons. 
187. 
The reaction of RuC1 2 (HMB) (PMe2Ph) with NH 4 PF 6 
and dimethylphenylphosphine gives the yellow air-stable 
complex [RuCl(HMB) (PMe 2Ph) 2 lPF 6 ' The IH NMR spectrum of 
this complex shows two multiplets (each the A3A3' part of 
an A3XX ' AJ ' system168 ) due to the phosphine methyl protons . 
The bis(nitratoj complex, Ru(N0 3)2 (HMB) , reacts 
with dimethylphenylphosphine in acetone to give [Ru(ON0 2) 
(HMB) (PMe 2Ph) 2 lNO J ' This complex is a yellow air-sensitive 
solid. Its IH NMR spectrum shows two multiplets (each 
168 being the A3AJ ' part of an A3XX ' AJ ' system ) for the 
methyl groups of the phosphine ligands at 01 .57, 1.75. 
The presence of two phosphine methyl resonances indicates 
that the two methyl groups on each phosphorus atom are 
inequivalent. The pr e sence of the nitrato ligand is 
confirmed by the observation of v (NO) bands at 1270 and 
1 0 0 0 1 • . h . d t . t t 169 cm - conslstent Wl t unl enta e nl ra e . . 
With a Vlew to preparing unsubstituted ~-xylylene 
complexes, Ru(N0 3 ) 2 (~-xylene) was prepared from the 
reaction of [RuC1 2 (~-xylene) l 2 with silver nitrate. The 
IH NMR spectrum of Ru(N0 3) 2 (~-xylene) shows a singlet at 
02.25 corresponding to the arene methyl protons and a multiplet 
a t 05 . 84 du e Lo th e aromatic protons . The complex Ru(NO J ) 2 
(~-xylene) probably contains both unidentate and bidentate 
nitrate ligands as proposed for Ru(N0 3)2(HMB) .162 The IR 
188 . 
spectrum of RU(N03)2(~-xylene) shows bands at 1570 (m), 
1525 (s), 1275 (s), 1230 (s) and 990 (s) associated with 
the ni trato ligands. Unidentate nitrate ligands are 
expected to give rise to bands at 1280 and 1000 cm-1 while 
bidentate nitrate ligands give bands at about 1580 and 
1240 cm-1 • 169 The reaction of Ru(N0 3)2 (~-xylene) with 
trimethylphosphite did not give the expected product 
[ RU(N0 3 )(~-xylene)(p(OMe)3)21N03 but rather resulted in loss 
of the arene . This occurs also in the reaction of 
( 0 ) ( ) . h . h 1 h h ' 162 Ru N 3 2 C 6H3Me3 .Wlt trlmet y p osp lte. 
4 . 3 o-Xylylene Complexes 
The hexamethylbenzene complexes [Ru (ON0 2 ) (I-IMB) L2 ] NO 3 
(L = PMe 2Ph , P(OMe)3 , P(OCH2) 3CMe) undergo deprotonation of 
two of the methyl groups of the hexamethylbenzene on 
treatment with an excess of potassium ! -butoxide in 
tetrahydrofuran in the presence of additional phosphine 
or phosphite to give the methyl - substituted ~-xylylene 
complexes Ru ( n4 - Cl 2H \ 6 )L 3 (196 L = P (OMe) 3 , 199a L = PMe2Ph, 
(eq . 4 . 7) . H2 
~ L ~HJ 14 
Ru ......... eq . ~ 4 \ La 
J L 
a 
H2 
t-BuOK 
------
196 L P(OMe)3 
199a L PMe2Ph 
199b L = P(OCH2) 3CMe 
4.7 
189. 
The complexes 196 and 199a are isolated as pale 
yellow , s l ightly air-sensitive so l ids from hexane solutions 
at -78 oC. They are soluble in most organic solvents such 
as hexane , diethyl ether , benzene and dichloromethane. 
The P(OCH 2) 3CMe complex 199b is nearly insoluble in hexane 
but lS soluble in benzene . The complexes are isolated in 
yields ranging from 10-40 %, however , the low yield (10%) 
, 
in the case of the trimethylphosphite complex 196 is due 
to difficulti es in the isolation of the product as the 
reaction of [Ru(ON0 2 ) (HMB) (P(OMe) 3h]N0 3 with base appears 
to be almost quantitative. The trimethylphosphite complex 
[Ru(ON0 2 ) (HMB) (P(OMe 3 ) 2 ]N03 can also be deprotonated with 
powdered potassium hydroxide in tetrahydrofuran. Attempts 
to deprotonate the complexes RuC1 2 (HMB) (P(OMe) 3) and 
[RuCl(HMB) (P(OMe) 3) 2 ] PF 6 with potassium ~-butoxide in the 
presence of trimethylphosphite were unsuccessful. 
The mass spectra of the complexes 196, 199a and 199b 
show parent ions at 6 34, 676 and 706 a.m . u . (based on I0 2Ru ) 
consistent with their formulation as Q-xylylene complexes . 
The NMR spectra of these complexes suggest that the Q-xylylene 
ligand acts as a chelating n 4 -diene with the exocyclic double 
bonds bonded to the ruthenium . The 3 l p decoupled IH NMR 
spectra of the complexes (e g . Fig . 4 . 1) show two doublets , 
each corresponding to two protons due to HI and H2 . For the 
trimethylphosphite complex ~~ the chemical shift of HI is 
0 0 . 23 and that of H2 is 02 . 54 (J1 2 = 4 Hz) . The chemical 
4 
~oo 
I 
. OCH 
• 3 
I 
:, 
J I I 
- -_.--"'" 
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Figure 4.1 
(P (OMe) 3 ) 3 ( 19 6 ) 
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s hifts of these protons are considerab ly upfield of 
t hos e expected for the protons of an uncoordinated olefin 
bu t are consistent with coordinat i on of the exocyciic 
double bonds to ruthenium . 98 This is supported by the 
observation of 31p coupling to HI and H2 in the 31p coupled 
spectrum which shows these resonances as broad multiplets . 
The chemical shifts of HI and H2 are similar to those 
reported for other 1-4-n-diene complexes 98 and to those 
reported for the olefinic protons of Fe(CO) 3 (~-xylylene) 
(197) (fh 60. 03 (d , J I 2 = 3. 2); H 2 6 2 . 33 (d)) 165 and 
Ru(PMe 2Ph) 3 (~-xylylene) (l98a) (HI 6 - 0 . 16 (d , J 12 = 4 Hz) ; 
H2 61.9) . 167 ,The methyl groups of the ~-xylylene ligand 
give rise to two six-proton singlets in the IH NMR spectrum 
of 196 at 6 2 . 19 and 2 . 42 . The IH NMR spectra of complexes 
199a and 199b show similar resonances due to the protons 
of the ~-xylylene ligand (Table 4 . 2) . The 31p decoupled IH 
NMR spectrum of 196 shows two singlets due to the methyl 
protons of the phosphite ligands at 6 3 . 65 and 3.25 corre s ponding 
to nine a nd eighteen protons respectively . The observation 
of two phosphite methyl resonances indicates that there are 
two phosphorus environments in the complex . The spectrum 
of the dimethylphenylphosphine complex 199a shows a doublet 
at , 61 . 85 corresponding to six protons and two six - proton 
multiplets at ~ 1 . 31 a nd 1 . 19 due to the phosphine methyl 
protons . The resonance at 61 . 85 arises from the methyl 
protons attached to the unique phosphoru s atom (P
A
) . The 
192. 
methyl groups on each of the remaining phosphorus atoms 
(PB) are diastereotopic and hence give rise to the two 
six-proton multiplets . The spectrum of the complex 199b 
shows a six-proton doublet at 03.92 and a twelve-proton 
multiplet at 0 3.72 due to the methylene protons of the 
phosphite ligand . The nine methyl protons appear as a 
single resonance at 0-0.14. 
1 3 162 The C NMR spectra of the complexes 196 and 
199a (Table 4.3) show signals due to the inner diene carbon 
atoms at about 0100 and signals due to the outer diene 
carbon atoms at about 0 30 . The resonances due to the 
o uter diene carbon atoms appear as triplets due to 31 p 
coupling (JpC 196 21 Hz , 199a 14 Hz). The' chemical shifts 
of the inner and outer diene carbon atoms are not inconsistent 
with chemical shift values reported for the complexes 
Fe(C~) 3 (1-4-~-acyclic diene) . 102 For the trimethylphosphite 
complex 196 the uncoordinated diene carbon atoms appear at 
0130 . 9 and 133.3. The corresponding resonances of the 
dimethylphenylphosphine complex 199a are obscured by the 
resonances due to the phenyl carbon atoms of the phosphine 
and the solvent resonance . 
The 31p NMR spectra at room temperature (Table 4 . 4) 
of the complexes 196,162 199a and 199b show two resonances 
in the ratio of 2 : 1 . For the trimethylphosphite complex 196 
193. 
t he two resonances occur at 81 75.7 (PA , t , J
AB 
= 34.2 Hz) and 
154 . 4 (PB , d) . The value of J pp ~s similar to that observed 
i n t he complex Ru (P (OCH 2 ) 3 Et) 3 (l-4-11 -cyclohex~diene) (Jpp = 
38 Hz) .170 For the dimethylphenylphosphine complex 199a 
the spectrum shows a doublet for PB at 83 .1 (2P,JAB = 3 Hz) 
and an unresolved triplet for PA at 824.8 (lP) . The small 
P- P coupling is similar to that reported for Ru(n 4 -butadiene) 
171 (PPh 3) 3 and for Ru(~-xylylene) (PMe 2 Ph) 3 (198a, 82 5 . 71 (lP) , 
85 . 05 (2P) , J pp = 0). 167 
The NMR data of the complexes 196 , 199a and 199b 
are consistent with the complexes having a square pyramid 
geometry with the diene occupying two of the basal sites . 
Such a structure is generally accepted for complexes of 
115 (L = CO,P(OMe)3) on the basis of 
172 a number of X-ray studies of complexes of this type. 
A square pyramidal structure has also been proposed for 
the complexe s Ru (PPh 3 ) (P (OMe ) 3 ) 2 (n 4 -butadiene) and 
. 173 Ru (P( OMe ) 3 ) 3 (n 4 - c yclohexa-l,3-diene) . Complexes of the 
type ML 3 (11 4 -diene) usually show fluxional behaviour in 
which the ligands (L) exchange intramolecularly between 
the axial and basal positions . 115 , 173,174 Thus at room 
t mp rature the 3 1 p NMR spectra of Fe(P(OMe) 3) 3 (n 4 - butadiene) 
nd Ru(P(OMe) 3 ) 3 (114- Gila ) show a single resonance for the 
115 173 phosphorus atoms . ' At lower temperatures the spectra 
show AX 2 patterns for the phosphite ligands . At room 
temperature the 31 p NMR spectra of the complexes 196 , 199a 
and 199b show two resonances for the phosphorus ligands in 
194. 
the ratio of 2 :1. This indicates that the energy barrier 
of the exchange in these complexes is higher than in most 
other ML 3 (n 4 -diene) complexes. The IH NMR spectrum of the 
trimethylphosphite complex 196 at 70 0 C shows the onset of 
coalescence of the phosphite methyl protons,162 presumably 
as a result of an exchange process similar to that observed 
for other ML 3 (n 4 -diene) complexes. 
It should be noted, hbwever, that a trigonal bipyramid 
structure has been proposed for the complex Ru(PPh 3)3 (n 4 -
b d · ) 171 uta lene . The 31p NMR spectrum of this complex at room 
temperature shows an AB2 spin system. At low temperatures 
an ABC spin system is obtained. These results were explained 
by the fluxional process shown in eg. 4.8 . 171 
eq . 4.8 
The 3 1p NMR spectrum of the dimethylphenylphosphi~e 
complex 199a is unchanged at lower temperatures . 
The complex [Ru (ON0 2 ) (HMB) (dppe) ]N03 reacts with 
p.otassium .!:.-butoxide in tetrahydrofuran, in the presence 
of one equivalent of PMe2Ph , to give Ru(n4-CI2HI6) (dppe) 
(PMe 2 Ph) (200) in 49 % yield . The IH NMR spectrum (Table 4 . 2) 
195. 
s h ows two multiplets at 0-0.42 and 2 . 79 corresponding to 
HI a nd Hz respectively which col l apse to doub lets ~JIZ = 4 Hz) 
on 31p decoupling. The methyl protons of the dimethylphenyl-
phosphine ligand appear as a doublet ( 01 . 14 , J p _H = 8 Hz) 
while the methylene protons of the dppe ligand appear as a 
broad unresolved multiplet . The methyl protons of the 
~-xylylene ligand appear as two six-proton singlets at 
01.95 and 2.52. The 3 1p NMR spectrum shows two peaks in 
the ratio of 2:1 at 056.4 and 19 . 0 due to the dppe and 
PMe zPh phosphorus atoms respectively with no resolvable 
P-P coupling. The 1 3C NMR spectrum shows a resonance due 
to the inner diene carbon atoms at 0103 . 7 and a resonance 
due to the outer diene carbon atoms at 031.2 consistent with 
102 the formulation of the complex as a 1-4-n-diene complex. 
The methyl carbon atoms of the ~-xylylene ligand give rise 
to two resonances at 017 . 3 and 18 . 1 . 
200 
4.4 Protonation reactions 
The dimethylphenylphosphine complex Ru(n 4 -C 1 zH 16 ) 
(PM ezP h) 3 (199a) reacts with an excess of HPF 6 to give a 
yellow ,solid which is very unstable in solution and could 
196. 
not be characterized . However , addition of an excess of 
HPF6 to a solution of RuCn4_C12H16)(dppe)(PMe 2Ph) (200) in 
ether gives the yellow , monoprotonated complex [RU(C1 2 H17) (dppe) 
(PMe 2Ph)]PF 6 (201). Although this complex is stable as a 
The variable t emperature IH NMR spectra of complex 
201 ar e shown in Fi gure 4.2. o The spectrum at -30 C shows 
a three-proton multipl e t at 0-2.31, two three-proton doublets 
at 00 . 77 and 1.22, four three proton singlets at 01 . 42, 1.58, 
2.17 and 2.40, and a one -proton multiplet at 03 . 17 . This 
spectrum is consistent with a fluxional n 3-benzyl structure 
(201) in which one of the methyl protons (HI) occupies a 
bridg ing position b e tween ruthenium and the methyl carbon 
atom . The three-pr o ton multiplet at 0-2.31 can be assigned 
to the methyl protons H 3 and H 2 and the bridging hydride 
proton HI which are equilibrated by an exchange process 
which involves the breaking of the Ru-HI bond to give the 
intermediate n3 -allyl species 202 (eq . 4 . 9) . 
202 
eq. 4 . 9 
+ [Ru] = (PMe 2Ph) (dppe)Ru 
4 2 
Figure 4 . 2 
P-Me 
P-Me 
-8 
197. 
o 
H 1,2 ,3 
-2 
Var iable t emperature IH NMR spectra of 
[Ru(CI ;1 HI 7 ) (dppe) (PMe 2Ph) jPF 6 (201) (in C0 2C1 2 
-76 ° to 28° , in l , 2-dichloroethane 60° to 80°). 
(Phe nyl region not shown .) 
198 ~ 
The four singlets at 01. 42 , 1 . 58 , 2.17 and 2.40 
can b e assigned to the four methyl groups of the benzyl 
ligand, consistent with the lack of a mirror plane through 
the benzyl ligand. The two doublets at 00.77 (JpH = 9 Hz) 
and 1 . 22 (JpH = 10 Hz) are assigned to the phosphine methyl 
protons. The multiplet at 03 . 17 is due to one of the 
benzylic pro~ons, Hs , while the signal due to the other, 
H4 , could not be located and is presumably buried beneath 
the dppe methylene resonances or the methyl resonances of 
the benzyl ligand. Attempts to freeze out the exchange 
.process (eq. 4.9) were unsuccessful. On cooling to -90oC, 
the multiplet at 0-2.31 broadens and collapses, but a 
limiting spectrum could not be obtained . The proposed 
structure and the d ynamic NMR behaviour resemble thos e 
reported for the cyclohexenyl complex Mn(CO) 3(n 3- C6H9) (59)59 
and for the n3 - allyliron(II) complexes formed by protonation 
8 55 of FeL 3 (1-4-n-diene) complexes . ' 
Two other conceivable structures for the complex 
are the diene-hydride structures 203 and 204. The absence 
of a mirror plane through the olefinic ligand rules out the 
more symmetrical isomer 203. The structure 204 is consistent 
with the NMR spe ctrum of the complex at -30 oC if the hydride 
pro t on transf0rs rapidly from the ruthenium to one end 
of the diene resulting in the equilibration of the hydride 
proton and two of the olefinic protons (e . g . HI , H2) . Such 
a possibility cannot be ruled out . It should, however, be 
noted that for the complexes [RuH(arene) (acyclic diene)]PF6 
199. 
t ran sfer of the hydr i de prot on oc c ur s t o both ends of 
the d i ene (see Secti o n 2. 3 ). 
~ PMe2 Ph 
" '+ /Ru(dppe) ~H 
203 204 
On warming to oOe , three of the singlets in the IH 
NMR spectrum of 201 due to the methyl protons of the benzyl 
ligand (those at 81 . 42 , 1 . 58 and 2 . 17) and the multiplet 
o at 8-2 . 31 broaden , collapse and reappear at 28 e as a 
broad six proton singlet at 81 . 87 and a very broad signal 
at 8-0 . 20. Meanwhile the methyl singlet at 82 . 40 remains 
sharp. Simultaneously , the P-Me doublets broaden , 
collapse and coalesce to a sharp doublet at 81 . 02 , s howing 
the presence at 2S oe of a time - aver.aged plane of symmetry 
along the Ru-P bond . These results can be accounted for 
in terms of a n3 ~ n1 benzyl interconversion (eq . 4 . 10) 
which results in the equilibration of Hl,2,3 with H6; and 
I-I] with H9 but leaves lie unaffected . The signal due to Hs 
bro<1d n sand d'i sapp <1r s dur ing the process , presumably 
due to exchange with H4 , but this could not be observed 
direct ly . 
-
2 0 0. 
eg . 4.10 
[Ru] 
The ~3 ~ ~l benzyl interconversion has been 
used to explain the fluxional behaviour of ~3 -benzyl 
complexes e . g . MoCp(~3 -benzyl) (CO) 2175 and [PdCl(~3 -
benzyl)] 2 . 176 
As the temperature is raised from 28 0 C to BOoC 
all the methyl singlets , including that at 0 2.40, broaden 
and coalesce \tlhile the P - Me doublet remains sharp . Owing 
to irreversible thermal decomposition which 1S already 
evident at BOoC , the high temperature limiting spectrum 
could not be observed . It seems likely , however , that the 
exchange process would result in the equilibration of all 
the methyl protons of the benzyl ligand . This can occur 
by C-H bond breaking to give a hydride - diene intermediate 
followed by subsequent reformation of the C- H bond (eq . 4 . 11) . 
When coupled with the ~3~ ~l benzyl interconversion 
"'-
(eq . 4 . 10) this process results in the ruthenium atom 
and its associated ligands travelling round the methyl 
substituents on the six-membered ring . A similar C- H 
bond breakin g process has been proposed for the cyclohexenyl 
complex Mn(CO) 3 ( ~3 _C 6 H9) (59) . 59 
201. 
eq . 4.11 
[Ru] + Ru (PMe2 Ph) (dppe) 
The variable temperature 31 p NMR spectra of 201 
are shown in Figure 4 . 3 . o The spectrum at -30 C shows 
a doublet of doublets (877.6, Jl = 19.5 Hz , J2 = 43 . 9 Hz) 
for one of the dppe phosphorus atoms and a doublet 
( 849 . 1 , J = 19.5 Hz) for the other . The dimethylphenyl-
phosphine phosphorus atom appears as a doublet (814 . 4, 
J = 43 . 9 Hz) . The relatively small P- B coupling observed 
is consistent with the proposed faciaZ arrangement of 
h h h · l' d 177 b 300 h t e p osp lne 19an s . A ove - C t e resonances 
due to the dppe phosphorus atoms collapse and coalesce 
to g ive, at 76 0 C , a single resonance (866 . 6 , d, J = 9 . 5 Hz) . 
The che mical shift of the PM·e2Ph resonance is virtually 
unaff e cte d by the change in temperature but the 
resonance changes from a doublet to a triplet (813 . 5, 
J pH = 9 . 5 Hz) . The equilibration of the two dppe 
phosphorus atoms is consistent with the presence of a 
/ 
time -av e rag e d mirror plane through the benzyl ligand 
gene rated by the exchange process shown in eq . 4 . 10 
(E = 87 kJmol- 1178 , 179) a . 
100 
202. 
50 
8 
o 
Figure 4.3 3 1p {lH } NMR spectra of [RU(C1 2H17) (dppe)( PM 2Ph )] 
PF 6 ( 201) (in CD 2C1 2-300 to 30°, in 1,2-
dich10roethane 76°; X = decomposition) 
203 . 
overlapping resonances due to the methyl carbon atoms 
( 016 -20), a broad resonance ( 031) due to the dppe methylene 
carbon atoms and two signals due to allylic carbon atoms 
(095 .9, 112.7). The signal at 0112.7 can be assigned to 
the central allyl carbon atom while that at 095.9 can be 
assigned to the more substItuted terminal allyl carbon 
atom. The resonance due to the unsubstituted terminal 
allyl carbon atom (~H 2 ) could be beneath the solvent 
resonances. The phenyl carbon atoms and the remaining 
ring carbon atoms of the benzyl ligand give rise to 
overlapping resonances in the region 0128-142. When the 
temperature is raised to 25 0 C, the resonance at 095.9 
collapses and, presumably, coalesces with one of the 
methyl resonances although this could not be observed 
directly. The resonance due to the central allyl carbon 
remains unaff ected . 
y • In c ontrast to the reaction of Ru ( n -Cl 2Hl sl (PMe 2P1l) 
(dppe) (200) with an excess of HPF 6 , the reaction of 
RU( IlY -CI 2H1 6 ) (P(OMe) 3 ) 3 (196) with an excess of HPF 6 or 
HBF y results in the addition of two protons to the 
~-xylylene ligand to give the hexamethylbenzene complex 
[Ru(HMB) (P(OMe) 3 ) 3 ]X 2 (X = PF6 -, BF y -). Preliminary 
experiments show that the mono-protonated complex 
[RU(CI 2HI7) (P(OMehh] + is formed when 196 is reacted 
with a deficiency of acid (TFA or HBF yEt20) , however, the 
204. 
complex has not yet been isolated. The lH NMR spectrum 
(2S oC) of this complex is .consistent with the complex 
having a fluxional n3-benzyl structure (205) which 
undergoes a n3 ---' n 1 benzyl interconversion similar to 
~
that proposed for 201 (eq. 4.10). The spectrum shows a 
~uartet at 00.12 (JpH = 2.5 Hz) which can be assigned 
to HI ' 2 ' 3 ' 6 ; a multiplet at 01.76 due to H4 ,s; two 
methyl singlets at 62.23 (3H, Ha ) and 2.29 (6H, H7 '9) 
and a quartet due to the phosphite methyl protons ( 03.51 
(27 H, J pH = 3 Hz» . Further discussion of this complex 
must await its isolation and a complete variable temperature 
NMR study. 
CH~ 
205 
4.5 Discussion 
The increased acidity of hydrogen atoms bonded 
to the a -carbon atom of the alkyl substituent of an 
arene coordinated to a transition metal has been observed 
in a numbe r of other systems. For example, a variety of 
+ 
alkyl-substituted arene complexes, [Fe(n s -C sHs ) (n 6-arene) J , 
205 . 
react with strong bases (e . g . t - BuOK) to give cyclo-
h exadienyl complexes which in favourable cases (e.g . arene = 
triphenylmethane,HMB) can be isolated (eq. 4 . 12). Generally, 
however , the resulting complex is too unstable to be 
isolated but readily react~ ~n situ , as a nucleophile 
' h hI ' d'd 180 W1t met y 10 1 e . 
eq . 4 . 12 
The ruthenium complex [Ru(HMB) ( n 3-a llyl) (CO) ]PF6 
r ead ily undergoes deuterium exchange of the methyl protons 
in CD30D in the presence of sodium carbonate and reacts 
0'1 with t-B~OK in tetrahydrofuran at 0 C to glve a cyc 0-
hexadienyl complex (eq. 4 . 13) . 181 
eq. 4 . 13 
t - BuOK Ru 
• / ' CO 
~ 
THF 
206. 
This is the first time , however, that deprotonation 
of two ~-methyl groups of a coordinated arene to give an 
~-xylylene complex has been observed . Previous preparations 
of n4-~-xylylene complexes have used the reaction of a 
metal complex with either ~-bis(bromomethyl)benzene165 ,166 
167 
or ~-MeC6H4CH2MgBr. 
The isolation of the ~-xylylene complexes 196, 199a, 
199b and 200 is another example of the stabilization of 
unstable organic species by complexation to a transition 
182 
metal . Transition metal ~-xylylene complexes are 
potential precursors for the generation of ~-xylylene 
species and their reaction, in situ , with, for example, 
dienophiles. No attempt has yet been made to explore 
this possibility using the ruthenium(O) complexes. 
protonation bears an obvious resemblance to the protonation 
8 55 of the FeL 3 (1-4-n - diene) (L = CO, P(OMe) 3) complexes. ' 
This behaviour is chemical evidence in favour of the 
proposed 1- 4- n-diene formulation for the complexes 
196 , 199a-b and 200 in preference to the alternative 
chelate bis(n1-alky] structure 206 . . 
206 
207. 
4 . 6 Experimental 
All reactions were carried out in a dry nitrogen 
atmosphere . Details of physical measurements are given 
in the experimental section of Chapte r 2 . The phosphite 
ligand P(OCH 2) 3CMe was prepared by the literature method . 183 
Analytical and mass spectral data are given in Table 4.1 . 
The IH and 1 3C NMR data of the ~-xylylene complexes 
are given in Tables 4.2 and 4 . 3. respectively . 31 P NMR 
data is given in Table 4 . 4 . 
. Preparation of Ru(N0 3) 2 (o-xylene) 
A mixture of [RuC1 2 (~-xylene) l2 (0 . 2 g , 0 . 35 mmol) 
and silver nitrate (0 . 245 g, 1.4 mmol) was stirred in 
acetone for 3 hours at room temperature . After filtering 
off the silver chloride formed , the orange solution was 
evaporated to dryness and the residue recrystallized from 
dichloromethane / diethyl ether to give orange cry s tal s 
of the product (0 . 11 g , 45 %). 
(s , 6H) Me; 5 . 84 (m , 4H) CH . 
The complex, Ru(N03) 2 (HMB) , first prepared by 
162 T.W . Turney , was prepared similarly (80%) . IH NMR 
(CD 2C1 2 ) 0 2 . 17 (s , 18H) Me. 
Preparation of [Ru (ON0 2 ) (HMB) (PMe 2Ph) 2lN03 
Dimethylphenylphosphine (0.143 g , 1.04 mmol) was 
add d to a solution of Ru(N0 3) 2 (HMB) ( 0 . 2 g , 0 . 52 mmol ) 
20S . 
in acetone (10 mL) and the solution was stirred for 
30 minutes. The solution was then evaporated to dryness 
and the residue recrystallized from CH2C1 2/pentane to 
give the product as a yellow air-sensitive solid 
(0.19 g , 55 %). IH NMR (CD 2C1 2): 01.S6 (s,lSH) Me; 1 .7 5 
(m,6H) PMe; 1.57 (m,6H) PMe; 7.4-7.S (m,lOH) Ph. 
[Ru(ON02 ) (HMB) (P(OMe)3) 2 ]N0 3 and [Ru(ON02) (HMB) 
(dppe)]N0 3 , first prepared by T.W. Turney , 162 were 
prepared similarly in yields of 40 % and 35 % respectively. 
(IH NMR (CD 2C1 2): [Ru(ON0 2 ) (HMB) (P(OMe)3) 2 ]N0 3 : 02.09 
(t,JpH = 1.2 HZ,lSH) Me; 3 .75 (m,lSH) OMe. [Ru(ON02) 
(HMB) (dppe)]N0 3: 01.77 (t,JpH=O.SHz, ISH) Me ; 2.9S 
(m,4H) CH 2 ; 7.4 (m,20H) Ph.) 
The complex [Ru(ON0 2 ) (HMB) (P(OCH 2) 3CMeh]N03 was 
prepared similarly from Ru(N0 3) 2 (HMB) and P(OCH 2) 3CMe (60%). 
IH NMR (CDC1 3): 00.91 (s,6H) Me; 2.22 (s,lSH) Me; 4.46 
(m,12H) CH 2 ; 31p NMR (CHC1 3) : 0145.0; IR (nujol) v(NO) 
1495, 1270 cm- 1 . 
When Ru(N0 3) 2 (Q-xylene) was reacted with trimethyl-
phosphite under similar conditions brown oils were obtained. 
The lH NMR spectra of these oils showed no resonances due 
to coordinated arene protons and the products were not 
characterized further . 
209. 
Preparation of RuC1 2 (HMB) (P (OCH2) 3CMe) 
The phosphite , P{OCH2) 3CMe (0. 09 g , 0.6 mmol) 
was added to a suspension of [RuC12{HMB)]2 (0.2 g , 0.3 
mmol) in dichloromethane and the mixture ,was stirred 
for fifteen minutes . Diethyl ether was then added to 
precipitate the product as a red solid which wa s 
recrystallized from dichloromethane/diethyl ether and 
dried in vac u o (0.26 g , 90 %) . (IH NMR (CDC13) : 02.05 
(d , J pH = 2 Hz,18H) Me; 0.79 (s , 3H) Me ; 4.30 (d , J pH = 5 Hz , 
6H) OCH 2 ). 
In a similar manner RuC1 2 (HMB) (PMe 2Ph) was prepared 
from [RuC1 2 (HMB)] 2 and PMe 2Ph (92 %) and RuC1 2 (~-xylene) 
(P(OMe) 3) was prepared from [RuC1 2 {~-xylene)]2 and 
P (OMe) 3 (86 %) . (1 H NMR (CDC1 3) : RuC1 2 (HMB) (PMe2Ph) 
01.75 (s , 18H) Me; 7.3-7 . 9 (m,5H) Ph ; 1.65 (d , J pH = 11 Hz, 
6H) PMe; RuC1 2 (~-xylene) (P(OMe lJ) 02 . 15 (d , J pH = 3 Hz , 6H) 
Me ; 3 . 81 (d , J pH = 10 Hz , 9H) OMe; 5.37 (d , J pH = 2 Hz,4H) 
CH) , 1 3C NMR (CDC1 3): RuC1 2 (~xylene)(P(OMe)3) 016 . 6 (Me); 
54 . 1 ( d , J PC = 5 . 9) OM e ; 90 . 3 ( d , J PC = 3. 9) ~ H; 106 . 9 (d , 
J pC = 9 . 8) ~Me. 
The complex RuC1 2 (HMB) (P(OMe)3) was prepared by 
162 the method of Bennett and Turney . 
210. 
Preparation of [RuCl(HMB) (PMe2Ph)2]PF6 
Aqueous NH4PF6 (2 g in 2 ml) was added to a 
suspension of RuC12 (HMB) (PMe 2P h) (0.2 g, 0.42 mmol) in 
methanol (15 mL) and PMe 2Ph (0.05 8 g , 0.42 mmol). The 
mixture was stirred for thirty minutes. The solvent 
was removed in vacu o and the residue was extracted with 
dichloromethane to give a yel low solution. Diethyl 
ether was added to precipitate the product as a yellow 
powder (0.16 g , 66 %). IH NMR (CD 2Cl2): 01.64 (s,18H) 
Me; 1. 86 (m,6H) PMe; 1. 56 (m,6H) PMe; 8.4-8.8 (m,lOH) Ph. 
The complex [RuCl (HMB) (P (OMe) 3) 2 ]PF 6162 was 
prepared similarly. (55 %; IH NMR (CDC1 3): 2.12 (t,JpH = 
1 . 0 Hz, 18 H ) Me; 3. 8 3 (m , 18 H ) OM e . ) 
Preparation of (1,2,3,4-tetramethyl-5,6-bis(methylene) 
cyclohexa-l , 3-diene)tris(trimethylphosphite) ruthenium 
(0), RU(1l 4- CI 2Hld[P(OCH 3) 3] 3 (196) 
Trimethylphosphite (1 mL) was added to a suspension 
of [Ru(ON0 2 ) (HMB) (P(OMe) 3) 2 ]N0 3 (0.2 g, 0.3 mmol) In 
tetrahydrofuran (25 mL) . Potassium te r t -butoxide (0.2 g, 
1.8 mmol) was added and the mixture stirred for one hour. 
After thj.s time the star ting material had dissolved 
leaving a yellow solution. The solvent was then removed 
in v a cu o a nd the residue was extracted with ~-pentane 
(40 mL) to give a yellow solution. Removal of the ~-pentane 
211. 
gave the crude product as a yellow oil. (Yield of 
crude product: 70 %.) This was purified by chromatography 
(Neutral alumina , activity I) using n-hexane. The hexane 
solution collected was concentrated to 2 mL and cooled to 
o 
-78 C to give the product as a yellow solid (0.02 g, 10 %) . 
Powdered KOH was also used in place of !.-BuOK with 
similar results. Under the same conditions RuC1 2 (HMB) 
(P(OMe) 3) and [RuCl(HMB) (P(OMe) 3)2]PF 6 did not react with 
t-BuOK. 
Preparation of (1,2, 3 , 4-tetramethyl-5,6-bis (methylene) 
cyclohexa-l,3-diene)tris(4 - methyl-2,6,7 -trioxa-l-
phosphabicyclo[2,2,2]octane)ruthenium~),Ru( n 4-C12H1 6 ) 
(0.2 g , 
0.37 mmol), was added to a solution of P(OCH2) 3CMe (0.056 g, 
0.37 mmol) in tetrahydrofuran (25 mL). Potassium t ert -
butoxide (0.2 g) was added and the mixture stirred for one 
hour. The solvent was then removed in v ac uo and the 
residue extracted with benzene (100 mL). The benzene 
solution was then evaporated to dryness and any unreacted 
P(OCH 2 ) 3CMe was removed by sublimation at 0.1 mm, 60 oC. 
The residue was washed with ether and redissolved in 
benzene. The benzene solution was then filtered and 
evaporated to dryness to give the product as a white solid 
(0.05 g , 20 %). 
212. 
Preparation of tris(dimethylphenylphosphine) 
(1,2,3,4-tetramethyl-5,6-bis(methylene)cyclohexa-
1 , 3-diene)ruthenium(O) , Ru(n"-C I2 HI6 ) (PMe2l?h) 3 (199a) 
Dimethylphe nylphosphine (0.055 g, 0.4 mmol) was 
added to a suspension of [Ru(ON0 2 ) (HMB) (PMe 2Ph) dN0 3 (0:2 g , 
0 . 38 mmol) in THF (25 mL) '. Potassium t e l"t-butoxide (0.2 g) 
was added and the mixture was stirred for one hour to give 
a yellow solution . The solvent was then removed in v acu o 
and the residue was extracted with ~-pentane (100 mL). 
The resulting solution was then .concentrated to 2 mL and 
o 
cooled to -78 C to give the product as a yellow solid 
(0.1 g, 40 %) . 
Preparation of (1 , 2-bis(diphenylphosphino)ethane) 
(dimethylphenylphosphine) (1,2,3,4-tetramethyl-5,6-
bis(methylene)cyclohexa-l,3-diene)ruthenium(O), 
Dimethylphenylphosphine (0.036 g, 0 . 26 mmol) was 
added to a suspension of [Ru(ON0 2 ) (HMB) (dppe) ]N03 (0 . 2 g, 
0.26 mmol) in THF (25 mL) . Potassium t e l" t -butoxide (0 . 2 g) 
was added and the mixture was stirred for one hour. The 
solve nt was then r e move d in vacuo and the residue was 
washed with n-hexane. The residue was then extracted with 
benzene (30 mL). Evaporation of the benzene gave a yellow 
solid which was washed with n-hexane to remove an unknown 
contaminant. The product was then dried in vac uo 
(0.10 g, 49 %). 
213. 
Protonation of Ru(n4-C12H16) (dppe) (PMe 2Ph) (200) 
Aqueous HPF 6 (60 %) was added dropwise to a solution 
of Ru(n 4- C 1 2H16) (dppe) (PMe 2Ph) (200) (0.1 g, 0.13 mmol) 
in ether (50 mL) to precipitate a yel low solid, 
[RU(C 1 2H17 ) (dppe) (PMe 2Ph) JPF 6 (201), which was filtered, 
washed with ether and dried in vacuo (0.95 g, 80 %). 
IH NMR : -30
o
C (CD 2C:L 2 ) 0-2.31 (m,3H) H 1'2'3; 0.77 (d,JpH = 
9 Hz,3H), 1.22 (d,JpH = 10 Hz,3H) PMe; 1.42 (s,3H), 1.58 
(s,3H), 2.i7 (s,3H), 2.40 (s,3H) Me; 3.17 (m,lH) Hs; 
6.7-7.8 (m,25H) Ph. 27 0 C (1,2-dichloroethane) 0 -0.20 
(v. br.); 1.02 (d,6H,JpH = 9 Hz) PMe; 1.87 (s,6H), 2.38 
(s,3H) Me ; 6 .7-7. 8 (m,25H) Ph. 
The complex, Ru(n4 -C1 2HI6) (PMe 2Ph) 3, behaved 
similarly on protonation but the resulting product was 
exceedingly unstable a nd could not be characterized. 
Protonation of Ru(n4 -C1 2H1 6 ) (P(OMe) 3 ) 3 
(a) HPF6 (aq) was added dropwise to a solution of 
Ru(n 4- C I 2Hl Gl (P(OMe) 3) 3 (196) (0.1 g) in ether (10 mL) to 
precipitate a white solid which was identified by IH NMR 
spectroscopy as [ Ru(HMB) (P(OMe) 3) 3J (PFGl 2 . eH NMR 
(C D2C1 2 ): 0 2.22 (br s ,18B) Me; 3.83 (m,27H) OMe). 
A similar result was obtained using HBF4 (aq) or 
HBF 4.Et 2 O . 
214. 
(b) A solution of HBF4.Et20 (0.02 g , 0.12 mmol) in 
ether ( 30 mL) was added slowly and with vigorous stirring 
4 -to a solution of Ru(n - C I 2H1 d(P(OMe)3)3 (0.075 g , 0 . 12 
mmol) in ether (30 mL) at OOC. Th e resulting pale yellow 
precipitate was collected. This product was shown by IH 
NMR spectroscopy to contain a mixture of [Ru(HMB) (P(OMe) 3 ) 3 ] 
(BF 4 ) 2 and a monoprotonated species (presumably [RU(C I 211 17) 
( P ( OM e) 3 ) 3 ] BF 4) in the rat i 0 0 f 1 : 1. ( I H NMR, [ R u (C I 2 HI 7 ) 
(P(OMe) 3 ) 3 ]BF 4 (CD 2C1 2) : 0 0 . 12 (q,JpH = 2.5 Hz,6H); 1.75 
(m , 2H); 2 . 22 (s , 3H), 2 . 28 (s,6H) Me; 3 .5 1 (q , J pH = 3 Hz, 
27H) OMe . ) 
A solution containing a similar mixture can be 
obtained by the addition of one equivalent of TFA to a 
TABLE 4 . 1 
--
Analytical Da ta 
Complex a mp Analyses : Found (Calculated) % 
°c C H P Cl M+ 
RuC1 2 (~-xylene) (P(OMe ) 3)e 162 32 . 6 (32.8) 4 . 75 (4 . 7) 7 . 5 (7 . 7) 18 . 0 (17 . 7) 
RuC1 2 (HMB) (P (OCH 2 ) 3CMe) 222 41.4 (42 . 3) 5 . 5 ( 5 . 6 ) 6 . 4 ( 6 . 4 ) 14 . 8 (14 . 7) 
RuC12 (HMB) (PMe2Ph) 246 51. 0 (50.85) 6 . 4 (6 . 1) 6 . 9 ( 6 . 6 ) 15 . 3 (1 5.0 ) N f-' 
b U1 Ru (N0 3 ) 2 ~xylene) 29 . 0 (29 . 0) 3 . 0 (3 . 0) 
[Ru (N0 3 ) (HMB) (PMe2Ph) 2l N0 3 c 131 50 . 45 (50 . 8) 6 . 0 (5 . 8) 9 . 1 (9 . 4 ) 
[RuCl(HMB) (PMe 2Ph) 2 lPF 6 232 46 . 9 (46 . 7) 5.5 ( 5 . 6 ) 13 . 1 (12 . 9) 5 . 3 ( 4 . 9 ) 
Ru( n ~C1 2 Hl d (PMe 2P h) 3 (199a) 84 64 . 25 (64.0) 7 . 3 (7 . 3 ) 13.8 (13 . 75) 676 
Ru ( n" - C 1 2 HI 6 ) (P (OCH 2 ) 3 CMe) 3 215 46 . 1 (46 . 0) 6 . 3 (6 . 1 ) 706 
(1 99b) 
Ru( n" - C1 2 Hl 6 ) (dppe) (PMe 2Ph) 
110 68 . 5 (69 . 2) 6.5 (6 . 5) 11. 4 (11.65) d 
( 200) 
R u (n "_·c 1 2 H 1 6 ) (P (OM e) 3 ) 3 (196) 40 . 1 (39 . 8) 6 . 9 ( 6. 85) 14.6 (14 . 7) 634 
Complex 
[Ru (Cl 2Hl 7) (dppe) (PMe 2Ph) ] 
PF 6 (201) 
[Ru (ON0 2 ) (HMB) (P (OCH 2) 3 
f CMe) 2 ] N0 3 
a 
mp 
°c 
154 
158 
Analyses: Found (Calculated) % 
C H P 
58 . 9 (58 . 5) 5.7 (5.55) 13 . 4 (13 . 1) 
38 . 3 (38.65) 5.1 (5.3) 
(a) Decomposes without melting unless otherwise stated. 
(b) N 8.4 (8 . 5) 
(c) N 4 . 1 (4.2) 
(d) No mass spectrum obtainable . 
( e ) MW 39 0 ( 4 0 2 ) 
(f) N 4 . 0 (4.1) 
Cl M+ 
N 
f-' 
0'\ 
a:: 
Complex 
Ru (n" - C I Z H I 6 ) (P (OMe) 3 ) 3 (196 ) 
Ru( n" - CI ZHI 6 ) (PMe zPh) 3 (l99a) 
R u ( n " - C I Z H 1 6 ) (P (OC H z ) 3 CM e) 3 ( 19 9 b ) 
Ru(n" - CIZHI 6 ) (dppe) (PMe zPh) (200) 
TABLE 4.2 
IH NMR Data for ~-xylylene Complexes 
Chemical Shifts( o )a 
0 . 23 (m,2H,JI Z 4 Hz) HI; 2 . 54 (m,2H) Hz ; 2 . 19 (s,6H) , 2 . 42 
(s,6H) Me; 3 .25 (m,lBH), 3 . 65 (d,9H,JpH 11.5 Hz) OMe . 
-0.22 (m,2H,J 12 = 4 Hz) HI; 2 . 33 (m,2H) H z ; 2 . 22 (s,6H), 
2 . 25 (s,6H) Me; 1.19 (m,6H), 1.31 (m,6H), 1.B5 (d,6H, J pH = 
7 Hz) PMe; 7 . 60 (m,15H) Ph . 
0 . 64 (m,2H,JI z = 4 Hz) HI; 3 . 22 (m,2H) H z ; 2 . 40 (s,6H), 2 . 66 
(s , 6H) Me; -0.14 (s,9H) Me; 3 . 72 (m,12H) CH z ; 3 .92 (d , 6H, 
J pH = 4 . 5) CH z . 
-0. 42 (m , 2H,Jl z = 4 Hz) Hl; 2.79 (m,2H) Hz ; 1.95 (s,6H), 2 . 52 
(s,6H) Me; 1.14 (d,6H , J pH = B Hz) PMe; 1.34 (m,4H) CHz; 6.B-
B .O (m,25H) Ph . 
(a) Measured at 100 MHz in C6D 6 . Chemical shifts( o ) in ppm downfield from TMS. 
Coupling constants(0) in Hz. 
tv 
f-' 
-..J 
Complex 
4 b Ru( n - C12H1 6 ) (P(OMe) 3) 3 (196) 
( 4 C Ru n - C12H1 6 ) (PMe 2Ph) 3 (l99a) 
4 c Ru(n - C12Hl Gl (PMe 2Ph) (dppe) (200) 
[RU(Cl 2H1 6) (dppe) (PMe 2Ph) ] PF 6 (201)d , e 
TABLE 4 . 3 
1 3C NMR Data 
Chemical Shifts( o )a 
17 . 1 , 17 . 4 Me; 26 . 2 (t,Jpc = 21 Hz) outer diene carbons; 
50 . 8 (m) OMe; 102 . 1 inner diene carbons ; 130 . 9 , 1 33 . 3 
non - coordinated diene carbons . 
17 . 7, 18 . 45 Me; 30 . 15 (t , J pC = 13 . 7 Hz) outer diene 
carbons ; 21.6, 22 . 1 (t , J pC = 21.5 Hz) , 23 . 1 (d , J pC = 23 . 4 
Hz) PMe; 104 . 1 inner diene carbons . 
17.3 , 18 . 1 Me; 15.1 (m) ~H 2 ; 20 . 5 (d,Jpc = 25 . 4 Hz ) PMe; 31. 2 
(t,JpC = 21 . 5 Hz) outer diene carbons; 103.7 inner diene 
carbons. 
o 25 16 . 0- 19 . 0 Me ; 30 (br) CH 2 ; 113 . 6 central allyl ; 128 - 142 Ph . 
- 92 0 16 . 0-19 . 5 Me; 33 (br) CH 2 ; 95 . 9 terminal allyl ; 112 . 7 
central allyl; 128-142 Ph . 
tv 
f-' 
ex:> 
(a) Measured at 15 . 04 MHz, chemical shifts( o ) in ppm downf~eld from TMS . 
Coupling constants(J) in Hz . Spectra recorded in CGOG. 
(b) See reference 162. 
(c) Ph resonances in region 0120-130; uncoordinated diene carbon atoms 
obscured by Ph resonances. 
(d) Measured in CO zCl z . 
(e) Other ring carbon resonances obscured by phenyl resonances ; 
t erminal allyl resonance (CH z, -92 0 ) probably under solvent resonance . 
N 
t-' 
~ 
-j 
~ 
Complex 
b RuC1 2 (C d 14Me 2 ) (P (OMe) 3 ) 
b RuC1 2 (HMB) (P(OCH 2 ) 3CMe) 
c [Ru(ON0 2 ) (HMB) (PMe 2Ph) 2 ]N0 3 
. b [Ru(ON0 2 ) (HMB) (P(OCH 2 ) 3CMe) 2 ]N0 3 
Ru( n 4 - C 1 2H l d (P (OMe) 3 ) 3 (196)d , e 
4 d Ru( n - C1 2H 1 6 ) (P(OCH 2) 3CMe) 3 (199b) 
4 d Ru(n - C12H1 6 ) (PMe 2Ph) 3 (199a) 
4 d Ru( n - C12H1 6 ) (dppe) (PMe 2Ph) (200) 
TABLE 4 . 4 
3 1 P NMR Data 
<s a 
97.3 
112 . 4 
8 . 55 
145 . 0 
154 . 4 (d , J pp = 34.2,2P) 
175 . 7 ( t , IP ) 
128.5 (d , J pp = 39 . 1,2P) 
150.5 (t , lP) 
3 . 1 (d,Jpp = 3 . 0,2P) 
24 . 8 (t , IP) 
19.0 (br, J pp <2,lP) PMe 2Ph 
56 . 4 (br,2P) dppe 
N 
N 
o 
~ 
Complex 
f [RU(CI 2H1 7 ) (PMe 2P h ) (dppe) ]PF 6 (201 ) - 30°C 
76°C 
77 . 6 
49 . 1 
14 . 4 
66 . 6 
13.5 
8a 
(dd , J pp = 43 . 9, J pp = 19 . 5) dppe 
(d,Jpp = 19 . 5) dppe 
(d , J pp = 43 . 9) PMe 2Ph 
(d , J pp = 9 . 5 , 2P) dppe 
(t,lP) PMe 2Ph 
(a) Measured at 24 . 3 MHz . Chemical shifts( 8 ) reported in ppm downfield from external 
H3P04 . Coupling constants(J) in Hz . 
(b ) In CHC1 3 . 
(c) In CH 2C1 2 . 
(d) In C 6 H 6 . 
(e) See reference 162 . 
(f) - 30°C in CH 2C12 i 76° in 1,2-dichloroethane. 
tv 
tv 
I-' 
222. 
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